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SUMMARY 
The design of polyethylene (PE. ) pipelines for 
applications in the gas, water and chemical process industries 
has been based on data mainly obtained from stress rupture -besting 
pipes only. In practice, installations are composed of both 
extruded pipe and injection moulded fittings which are 
joined by a fusion welding-technique and are very often 
subjected to internal pressures of a fluctuating nature. 
Several makes of PE pipe systems were therefore obtained 
and work was undertaken to fully characterise mechanical 
performance in terms of internal pressure loadings. 
Butt-welded test specimens-comprising pipe lengths and 
fittings were subjected to both static and fluctuating 
conditions at 80°C, at pressures resulting in brittle 
fractures (below the knee on stress rupture curves) and 
at frequencies not exceeding 7.5 cpm (0.125 Hz). 
Resulting fracture surfaces were examined to identify 
sources of crack initiation and mechanisms of failure. 
Mechanical behaviour of the PE pipe samples was found 
to be markedly influenced by the grade of plastics compound, 
the pipe system dimensions, mould designs and methods of 
processing. Fatigue loading was the most aggressive test 
method and significant reductions in lifetimes were 
observed in fittings or joints between pipes and fittings 
with only modest increases in the frequency of pressurisation. 
It was also demonstrated that improved stress rupture 
behaviour did not necessarily lead to better fatigue 
performance. 
For the square-wave loading profiles used, an idea 
of the relevant failure mechanisms in any given system was 
obtained by'comparing experimental Nf values with those 
predicted from cumulative damage principles based on 
Nf ZSR/tmax' 
In all types of system, failure was initiated at a 
defect residual from processing or jointing. Over 95% 
of all small diameter pipe fractures originated from 
(X) 
inclusions at or close to the inside wall. They were 
geometrically and elementally analysed and suggestions 
made as to their possible origin and means of elimination. 
For one PE a reasonable correlation was obtained, between 
lifetime under stress rupture or fatigue and the inclusion 
size as measured in the fracture plane. 
d. 
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CHAPTER 1- INTRODUCTION AND OBJECTIVES 
Thermoplastics pipelines are being used increasingly 
in the chemical, gas and water industries in this country 
and throughout Europe and North America. The materials 
which have dominated this trend are unplasticised polyvinyl 
chloride (uPVC) together with the polyolefins such as 
polypropylene (PP) and polyethylene (PE) in the high 
(HDPE) and medium (MDPE) density forms. 
To date PE fusion welded systems have been employed 
successfully by British Gas in parts of their distribution 
network and some of the British Water Authorities are now 
showing an interest in certain grades of PE for water mains 
applications. (This is a market which has previously been 
dominated by uPVC: ) The chemical industries, although not 
a large tonnage user of PE, usually require such pipe 
systems for exacting service duties where hazardous 
chemicals are contained under a variety of operating 
conditions. It is under such circumstances that the 
limits of the material and the system can be reached and 
where there is the greatest need for reliable data on the 
behaviour of PE pipelines, to enable engineers to produce 
designs resulting in fewer instances of premature failure. 
The available design data for PE pipe systems are 
generally in the form of stress rupture curves. The major 
standards organisations, in their respective publications 
(BS 4728, ASTM 1598, DIN 16963) have prescribed a test 
procedure which examines the performance of PE pipe under 
static internal pressures. Although each standard varies 
in detail the information obtained from such tests relates 
pipe hoop stress and times to failure at various temperatures. 
This-enables working stresses for the required . 
lifetime 
of 50 years to be predicted by extrapolation. Although 
the use of such tests and related stress rupture data 
have been generally successful over the last twenty years 
or so in ensuring satisfactory service performance, 
failures do occur under conditions which are not covered 
by the stress rupture test. 
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Since PE pipelines are usually composed of extruded 
pipe, injection moulded fittings and fusion joints made 
between pipe lengths and between pipes and fittings and 
the whole network can be subjected to fluctuating as well 
as static internal pressures, the design information based 
upon stress rupture performance of pipe alone was in- 
sufficient to predict the behaviour of complete pipelines 
under the wide range of duties likely to be experienced 
in service. Thus systems comprising pipes, fittings and 
fusion joints were subjected to both static and fluctuating 
conditions to fully characterise' performance-in respect of 
internal pressure loadings. 
The project was, in general, intended to improve 
the understanding'of, the factors influencing PE pipeline 
performance with the following specific objectives: - 
a. To generate basic design data for PE pipe systems 
subjected to fluctuating internal pressures. 
b. To examine the behaviour of selected butt-welded 
PE pipe systems under short term rupture, stress 
rupture and fatigue loadings to identify possible 
sources of weakness. 
c. To compare the performance of butt-welded PE pipe 
systems from different manufacturers when subjected 
to stress rupture and fatigue conditions. 
d. To examine the use of the internal pressure fatigue 
test as a means of accelerating failure in pipe 
systems. 
e. To compare the usefulness and ease of applicability 
of the short term rupture, stress rupture and fatigue 
tests as means of characterising the mechanical* 
performance of thermoplastics pipelines. 
f. To identify the causes of änd mechanisms leading to 
instances of premature fracture in PE pipe systems. 
As a result of some sections of the work reported 
in later chapters, the company who initiated the first 
investigation into fatigue failures of HDPE pipelines 
hag amended-certain parts of its in-house code of 
practice relating to the design, installation and 
operation of thermoplastics pipelines, to take account 
of the fatigue weaknesses observed in some PE systems. 
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CHAPTER 2- LITERATURE REVIEW 
2.1 MATERIALS 
2.1.1 Properties of Polyethylenes 
The properties of PE are based essentially on three 
molecular parameters described by Timmer (1)* as: 
Molecular Weight (Mw and Pein) 
Density (Molecular Branching) 
Molecular Weight Distribution (M'-11D) (1) 
The molecular weight is generally regarded as being 
the weight average molecular weight or Mw. The molecular 
weight distribution or MWD is the numerical ratio of the 
average molecular weight (Mw) to the number average 
molecular weight (in). 
Variations in the parameters listed above will 
produce polyethylenes of use in a number of applications 
and it is possible to "fine tune" specific molecular 
properties to satisfy the most demanding situations 
within the general limits of the material. 
2.1.2 Materials Selection 
A set of criteria considered essential for Plastics 
pipes has been defined for gas distribution purposes (1). 
They are considered to be generally applicable to thermo- 
plastics pipe networks under most conditions. These 
guidelines are as follows: - 
Long Term Strength 
Ageing. Resistance 
Impact Resistance 
Chemical Resistance 
Temperature Resistance 
Impermeability 
Pipe Attributes - Ability to Heat Fuse 
for Joining. 
Coil for Ease of Handling. 
Squeeze-off for Pressure, 
Control (Gas Only). 
Numbersin brackets (1) denote references detailed at 
the end of Chapter 7. 
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In the final selection however, a compromise must 
be sought between processing requirements, mechanical 
properties and ease of jointing for each pipe system 
application. 
The most practical solution to the problem of 
identifying the optimum material should be obtained if 
the following design sequence proposed by Price and Gray 
(2) is followed. 
a. Establish the required end use performance for 
the pipe system. 
b. Express the required performance in terms of 
yield stress, modulus and fracture toughness. 
c. Establish product and installation constraints 
in terms of extrusion, moulding, fabrication and 
welding. 
d. Design material in terms of density, molecular 
weight and molecular weight distribution. 
2.1.3 Types of Polyethylene 
Generally PE is arbitrarily classified' into three 
types based on density: - 
Low Density PE 910 - 935 kg m-3 
Medium Density PE 926 - 940 kg m-3 
High Density PE 940 - 965 kg m-3 
LDPE is commonly manufactured in autoclaves or 
tubular reactors in which ethylene monomer is polymerised 
with oxygen (or other free radicals) as an initiator. 
Pressures during the reaction range from 103 to 308 MPa 
resulting in polymer chains which have a high degree of 
side branching. 
MDPE can be manufactured by using a high or low 
pressure process, thereby chemically controlling the amount 
of side chain branching, or alternatively, it can be mäde 
by physically blending LDPE and HDPE. 
HDPE is produced with the aid of special catalysts 
such as vanadium and molybdenum oxide,, chromium oxide or 
organometallic compounds. This enables ethylene to be 
polymerised at pressures less than about 10 TßPa. The 
resulting polymer chains are, almost linear having very 
few side chains, 
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For pipe system applications such as those of 
interest in the present work, MDPE and HDPE are the 
only materials considered. Their properties are of course 
modified to a certain extent by additives and fillers. 
Most-are mixed into PE during melt compounding. Such 
additions include antioxidants, W stabilisers, extenders 
and pigments (3,4). 
2.2 PROCESSING EFFECTS ON MECHANICAL PROPERTIES 
OF PIPE'SYSTEMS 
The processing techniques employed to produce the 
various pipe system components under investigation were, 
a. Extrusion for pipes. 
b. Injection moulding for fittings. 
Extrusion is a method of continuous manufacture of 
pipe where a screw plasticates the polymer feedstock 
within a heated barrel and forces it through a die under 
uniform pressure. A variety of defects can occur in the 
extruded sections including gas bubbles, particles of 
foreign material and flow lines running longitudinally 
in the pipe commonly called "spider lines". . 
To monitor 
the presence of such inhomogeneities and to keep close 
control of the dimensions of the finished product various 
ultrasonic and calibration devices are used (5,6). 
The process alters material properties consider ily 
(7,8) tending to orient molecular chains in a non-random 
fashion, thereby imparting a degree of anisotropy to the 
extruded article. During cooling, differential shrinkage 
through the pipe wall Droduces internal stresses which 
vary from compressive near the skin. to tensile at the 
core, where there is some elongation (9). 
Injection moulding also causes the finished product 
to be anisotropic and non-homogeneous since the polymer 
chains are oriented by the flow and shearing effects 
sustained by the melt during the moulding cycle. 
The mechanical properties of both extruded pipes 
and moulded fittings are thus a result of fluctuations 
in temperature, ' shear and flow in the polymer melt prior 
to crystallisation (8,10 - 18). 
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Until recently because of residual stresses etc., 
it was very difficult to realise the necessary dimensional 
tolerances on larger pipe fittings in a moulding cycle time 
which could be considered economic. These articles were 
thus fabricated by means other than injection moulding. 
However, recent developments have resulted in moulded 
articles of 100 kg with cross-sections in excess of 50mm 
(19). Nevertheless, complicated pipeline components, tees 
and bends for example, require multi-section moulds which 
give rise to defects such as mould parting lines and 
internal weld. lines which may be instrumental in causing 
premature failures (20). 
2.3 CHARACTERISATION OF THE STRUCTURE OF PROCESSED 
SEMI-CRYSTALLINE PLASTICS MATERIALS 
2.3.1 Overall Structure 
(i) Microtomy. 
For some semi-crystalline plastics morphology can be 
conveniently- inspected by the examination of thin sections 
cut from the surface of bulk specimens using a sharp tool 
(21,22 ). It is particularly useful in the study of 
strongly birefringent samples if used in conjunction with 
a transmitted light microscope set up to view sections 
between crossed polars. 
Thin sections cut fror PE butt-welds and examined 
by the above means have been described by Barber and 
Atkinson (23). They identified a variety of microstructures 
in and around such joints resulting from the temperature 
distribution and the flow of molten material at the weld. 
A second microtoming method based on cutting 
sections from a bulk sample has also proved useful on the 
macroscopic level at least (22). The surfaces of specimens 
are cut using a sledge microtome and examined using a 
microscope in the reflected light mode. Features such 
as weld bead assymetry, weld misalignment, voids, skin 
remnants and columnar growth regions are brought out 
clearly on the surface shown in Figure 2.1 which is a 
carbon black filled HDPE sample. The patterns of stress 
whitening are considered to be indicative of different 
morphologies through the various regions of the specimen 
(22). 2; 5 
(ii) Light Microscopy. 
Two types of light microscopy are normally used for semi- 
crystalline plastics namely reflected and transmission. 
Ideally such techniques will separate entities 0.2 im 
apart (24). Strongly birefringent plastics are'shown 
to good advantage under conditions of transmitted light 
viewed between crossed polars whereas reflected light finds 
particular use for the examination of fracture surfaces. 
Physical properties of polymers on a microscale, can be 
examined readily together with quantitative birefringent 
measurements of both bulk samples and microscopic particles 
(2L., 25). 
Filled polymers such as carbon black filled HDPE, 
as used in water,. gas and chemical plant pipe applications, 
pose difficult problems when examined using transmitted 
light microscopy, since not only does the carbon in the 
thin sections absorb most of the light, but the filler 
or pigment particle dispersion produces a microstructure 
so fine that only a granular mass of depolarised light is. 
observed. However, bulk changes in HDPE butt-welds have 
been examined (26,27) and a variety of microstructural 
zones were identified which are thought to be regions of 
different crystallinities and molecular orientation 
imposed by the flow and shear of the molten plastic as 
the pipe ends are being joined. 
A simple method of revealing a polymcr's inner 
structure is the examination of fracture surfaces. Such 
an exercise will also provide information about failure 
mechanisms. The difficulty here is being able to separate 
those features related to the deformation process and those 
resulting from inherent microstructure. 
2.3.2 Fine Structure 
(i) Scanning Electron Microscopy (SEM). 
Scanning electron microscopy extends the limit of detailed 
microstructural studies down to a resolution of 10 nm 
under ideal conditions (24,25,28). Plastics are often 
coated with a conductive layer to prevent excess static charge 
building up on the polymer surface which can affect the, 
resulting image adversely. Inner structures can be viewed 
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after various preparations such as microtoming, etching 
or even breaking specimens. SEM for fracture surface 
analysis is particularly useful for composite structures 
where individual components vary greatly in mechanical 
behaviour (24). 
(ii) Energy Dispersive X-Ray Analysis. 
A variety of radiations are emitted from a bulk'specimen 
when it is bombarded with the electron beam of the scanning 
electron microscope. One type of radiation is X-rays which 
by means of suitable detectors can be analysed spectro- 
metrically in terms of energies. The energies are 
characteristic of any elements present and any object of 
a few microns in size or larger can be readily observed 
and analysed (28). Most common applications in polymers 
relate to the analysis of segregates, inclusions and 
particulate fillers. 
2.3.3 Differential Scanning Calorimetry and Crystallinit 
In recent years the technique of DSC has been 
usefully employed to determine variations in melting 
temperatures and percentage crystallinities as a function 
of time (29) and also through the wall thicknesses of HDPE 
pipes (30). Gedde and Jansson (31) have also analysed the 
thermal oxidation of HDPE pipes using the same technique. 
Fatigue crack propagation of several HDPE samples of 
different molecular weight have been compared by de Charentenay 
et al (32) who were able to correlate such behaviour with 
percentage crystallinities as determined by DSC. 
Several papers have critically discussed the 
application of DSC for crystallinity measurements in 
semi-crystalline plastics particularly PE (33 - 38). 
Both. Hay (33) and Still (38) report on. its limitations 
in terms of inherent problems associated with the technique 
itself, the apparatus used to obtain thermal responses, 
difficulties associated with calibration and standard- 
isation procedures and problems related to the polymeric 
materials in general. 
In spite of these limitations, DSC is very useful 
to examine, for example, effects of thermal history, 
Figure 2.2, thermal-mechanical history, Figure 2.3 and 
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batch variations in similarly processed polymers, Figure 
2.4, Since the density of a semi-crystalline plastic is 
related to its crystallinity, the three density groups 
of PE can be distinguished readily. Filled polymers such 
as the black HDPE pipe material pose problems in that it must 
be assumed the density of the filler throughout the polymer 
matrix is the same. Results can then only be-considered 
comparatively and not in absolute terms. In fact the 
percentage crystallinity is defined essentially by the 
method used to measure it (33.38). 
With respect to molecular structure it is possible 
to obtain information about fold lengths in the polymer 
crystallites since higher crystallisation temperatures 
lead to longer fold lengths (39). Heat annealing can give 
rise to higher melting temperatures and increased crystal- 
linities as measured by DSC (35,40). It has also been 
reported recently that the DSC endotherm exhibits a taller, 
narrower peak for HDPE pipe material which has been held 
at 80°C for 430 hours when compared with'the original 
plastic taken from the same batch (42). These results 
were taken to be indicative of an annealing process which 
produced a more uniform and regular molecular structure of 
the type discussed by Keller (39) and other workers (35,40). 
The effect of testing at elevated temperatures can 
therefore induce DSC measured crystallinity changes and 
since it is well established that mechanical properties of 
polymers are sensitive to the degree of crystallinity (33) 
it was no surprise to find that the density, residual 
internal stress and bursting strength of PE pipes would 
all be altered after being subjected to a temperature 
of 80°C (41).. Predicting long term behaviour by using 
accelerated tests at elevated temperatures, although not 
ideal, is not invalidated as long as these effects can be 
identified and accounted for in the proposed failure model. 
2.4 BUTT WELDING 
2.4.1 General Comments 
A variety of methods are available for welding . -, 
together two thermoplastics components including hot-gas 
welding, hot-tool welding, radio'frequency and friction 
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welding (43).. 
Hot-tool welding can be accomplished by two methods 
namely mirror-plate butt-welding and socket fusion welding. 
Both systems are used for joining thermoplastics pipe 
networks and a substantial amount of literature relating 
to the. actual techniques involved and their applications 
in the chemical process and-gas industries has been 
produced (see for example Proceedings of the PRI 4th 
International Conference on Plastics Pipes - March 1979, 
papers 4-6,10,13 and 24 together with references 6, 
20, 
-27,43,44). 
This section will deal only with mirro- 
plate butt-welding which was the technique used in the 
experimental programmes. 
2.4.2 Microstructure of Butt-Welded Joints 
The butt-welding process may induce microstructural 
changes at the joint due to temperature gradients and shear 
stresses applied to the. -polymer (21,23,27,45,46). 
Such changes could result in the mechanical behaviour of 
the joint being at variance with the behaviour of the parent 
material. 
The microstructures in IIDPE and MDPE butt-welds 
made between pipes have been characterised to some extent 
by the work of Atkinson and his co-workers (23,26, _47,48), 
Menges and Zähren (45) and by Cowley and Wylde (20,27). 
Cowley (27) went on to suggest these various microstructures 
will exhibit different crystallinities and orientation and 
consequently varying yield and tensile strengths. Thus it 
was necessary to determine how these structures affected 
the subsequent performance of a butt-weld and hence the 
pipe network. as a whole. 
2.4.3' Evaluation of Butt-Welded Joint Quality 
Although the inspection techniques applied through- 
out a butt-welding operation for thermoplastics pipe.. 
materials are well defined (43), there is no guarantee 
that any weld will satisfy its duty requirements-(49). 
Recently, radiographic, ultrasonic and spark 
testing techniques (43,44,50,51,52), have; been, employed 
to check the integrity and alignment of welds and-mayibe,; 
considered complementary. Such procedures will only,,,: 
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provide information about the presence of any inhomogen- 
eities or holes in or around the weld, they cannot 
determine either short or long term strength. 
Another approach to the non-destructive testing of 
mirror-plate butt-welds has been described by Potente (53). 
The strain behaviour at the joints was examined by means 
of Holographic Interferometry which is able to measure 
residual stresses and strains and slight surface shifts 
due to loading. 
Destructive testing of butt-welded joints is usually 
carried out by means of tensile testing (21,26,43,44, 
55º- 58 for example), stress rupture testing (20,43,48, 
54), impact testing (44), bend testing (43,44) and-more 
recently fatigue testing (20). The stress rupture and 
fatigue tests relate here to butt-welded pipe specimens 
which are subjected to static and fluctuating internal 
pressures respectively. 
2.5 TESTING AND FAILURE OF PIPE SYSTEMS 
2.5.1 Introduction 
Pressure pipelines under service conditions may be 
subjected to both static and fluctuating internal pressures, 
The PE pipe systems, of interest here, have been used 
extensively in applications where both forms of loading 
are prasant. 
It is proposed to review the information available 
which relates not only to the-effect of conditions upon 
the performance of such systems but also to the theoretical 
fundamentals of creep and fatigue failure which can be used 
successfully to predict system lifetimes. The review will 
also encompass those theories based on fractographic methods 
which provide models for the mechanisms of failure. 
2.5.2 Standards 
A list ofrelevant standards according to which the 
internal pressure testing of pipe systems was carried out 
is given in Chapter 3. In general the dimensions and test 
parameters applied to all pipe systems conformed to at 
least the minimum requirements of the standards, partic- 
ularly reference 59. Standardisation has been defined as 
the simplification of production by'the elimination of 
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the unnecessary variety of patterns and sizes and the 
consolidation of requirements for quality (60); with 
this in mind the testing procedures are also standardised. 
For plastics pipes the resistance to internal water 
pressure is used as a quality control test: and to predict 
long term properties. Lack of time and testing capacity 
requires that accelerated tests are used, the results 
being subsequently extrapolated to the desired require- 
ments - an expected admissable hoop stress after fifty 
years under static load is the basic design criterion 
used in the UI< (61,62). 
Test parameter consistency is required for the 
test results to be of use, particularly temperature, 
pressure and specimen dimensions (61). Figure 2.5 shows 
the effect the free length of a thermoplastic pipe can 
have on the failure times at 20°C. The diagram also 
indicates the variation induced by unconstrained and 
constrained ends (61) which can result in biaxial or 
uniaxial stress systems in a pressurised pipe altering 
the slopes and positions of stress rupture curves, 
possibly a reflection of a craze criterion such as 
proposed by Sternstein and Ongchin (65) for the failure 
of thermoplastics under this type of stress. 
2.5.3 Stresses in Pipes and Fittings Under 
Internal Pressure 
(i) Pipes as'Thin-Walled Cylinders. 
If a pipe is allowed to expand and extend freely and is 
subjected to an internal pressure, three mutually 
perpendicular stresses will be produced as shown in 
Figure 2.6. Such stresses are generally termed hoop 
or circumferential, longitudinal or axial and radial 
stresses. (63,64). 
-Hearn (63) considers that a criterion for the 
assumption that a pipe is a thin-walled circular cylinder 
is-if the ratio of the wall thickness to the inside 
diameter of the pipe is less than 1/20. If such is 
the case it is possible to assume that the hoop and 
longitudinal stresses remain constant through the wall 
thickness and that the radial stress is small enough to 
be neglected. (In practice its value increases from 
zero on the outside surface to equal the internal 
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pressure at the inside surface of the pipe. ) In this 
approach the'effects of any end fittings are considered 
so far removed as to be negligible. 
. For 
the above conditions the hoop stress applied 
to a thin-walled pipe is given by 
QH =Pd 
2h 
(2.1) 
where OH is the hoop stress 
d is the internal diameter 
h is the wall thickness 
P is the applied internal pressure. 
The longitudinal stress in a pipe wall produced 
under similar conditions is given by 
aL =Pd 
4h 
(2.2) 
where OL is the longitudinal stress. For longitudinal 
stresses to apply the pipe system must have closed ends. 
Once again the ends are considered as having no rein- 
forcing effect on the pipe. 
From these equations it is evident that: 
off =2oL (2.3) 
Another relation for the effect of internal 
pressure on a thin-walled pipe is known as Barlow's 
formula. It is considered to be a reasonable description 
of circumferential stresses in pipes of most thickness 
ratios and is expressed as 
OH = PD (2.4) 
2h 
where 0H, P and h are defined as before and D is the 
outside diameter of the pipe. 
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The Nadai formula is a further variation on 
the hoop stress/pipe dimensions relationship and is 
given by 
QH =P (D n- h) (2.5) 
2h 
where all symbols have meanings previously defined. 
It is this relationship which has been applied in--the 
first instance, to all the related experimental data 
reported in later chapters. The approach concurs with 
the method of obtaining hoop or comparative stresses 
in thermoplastics pipes used by most manufacturers and 
other workers in the field of internal--pressure testing. 
(ii) Pipes as Thick-Walled Cylinders. 
The theoretical. treatment of stresses in thin cylinders 
under'internal pressure with free ends assumes that 
a. The hoop stress is constant across the cylinder 
wall, and 
b. There exists no pressure gradient across the 
wall. 
Neither assumption is valid for thick-walled 
pipes or cylinders and Figure 2.7 demonstrates how 
the hoop stress will vary in all SDR* 11 pipes. 
It is evident that the hoop stress on the inside 
surface of the pipe is greater by about 25% than the 
hoop stress experienced on the ex. ternal surface. 
The expression describing this variation is developed 
from Lame equations and is given by 
IOHJ 
r=P 
rig 1+ rot (2.6) 
(rot - rig) r2 
where [OHI r 
is the hoop stress at radius r and 
ri and ro are the ihside and outside radii of 
the pipe respectively. 
* SDR - Standard Dimension Ratio 
defined as the ratio of the pipe outside 
diameter (OD). to wal. 1 thickness. 
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An equation such as that above will enable the 
true hoop stress at any point within a pipe wall to be 
identified. 
(iii) Internal Pressure Stresses in 
Thin-Walled Fittings. 
The stress distribution set up in fittings, such as 900 
bends and 900 equal tees, subjected to internal pressures 
are particularly complex. In the case of PE pipe systems, 
butt-welded joints and their distance from each other 
will modify such stresses and there are bending stresses 
to-take into account also. British Standard 806 (66) 
and "Design of Piping Systems" (67) considers stresses 
in bends and tee-junctions made from metals. It would 
appear that similar principles can be applied to thermo- 
plastics fittings. 
Figure 2.8 shows the distribution of hoop stresses 
in thin-walled pipe bends subjected to internal pressure. 
(The limitations of thin-walled cylinder theory also 
apply here. ) 
The hoop stress is given by 
0H = (2R +r sin CL )rP (2.7) 
2(R +r sinC, ) h 
or OH Pr (R + a) where a=r sin CL -t R 
(2.8) 
h 2a 
In this case R is the bend radius and r can be 
either the inside radius of the pipe or the mean 
radius (rm) of the pipe. If the internal radius is 
used this gives a slightly higher value for the hoop 
stress. 
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Written in terms of inside. diameters the expression 
becomes 
OH = Pd R+a 
2h 2a 
(2.9) 
which is identical with the formula for the hoop stress 
applied to thin-walled pipe under internal pressure except 
for the factor [(R + a)/2a] , which can be considered a 
stress concentration factor. 
At different values of the angle a the hoop stress 
in the bend due to internal pressure is summarised in 
Table 2.1 (for convenience this is compared with straight 
pipe). 
TABLE 2.1 Variation of Hoop Stress in a 900 Bend 
Subjected to Internal Pressure and Compared 
with Values Obtained for Straight Pipe. 
Hoop Stress Hoop Stress 
Angle a in 90° Bend in Straight Pipe 
00 Pd Pd 
2h 2h 
+ 90° Pd2.11 +r P. d 
2h 
L2R+ 
r) 2h 
- 90° Pd 2R -r Pd 
2h 2(R - r) 2h 
The definitions of the above terms are given in Figure 2.84; 
Under similar conditions, with closed ends showing 
no appreciable effect, the longitudinal stress is identical 
in bends as in straight pipes, i. e. 
ýPd 
(2.10)': 
4h 2.15 
where OL "s the longitudinal stress. 
With these formulae in mind the thickness of a 
pipe bend which will give the same lifetime under the 
same internal pressure can be calculated from 
Bend Wall Thickness 
Equivalent Pipe Wall Thickness 
Stress Concentration Factor (2.11) 
1 
Alternatively if the bend wall thickness is the 
same as that of the equivalent - pipe 'then the lifetime of 
the bend is reduced by the factor of stress concent'r'ation. 
Also the equations for hoop stresses in a bend predict 
that maximum stresses will be reached at the line of the 
bend having the least radius of curvature, and failure 
ought to initiate somewhere along this line. 
With respect to branch connections or equal tees, 
their presence in a pipe network is inherently a point of 
structural weakness (67). Severe stress intensification 
occurs at points of abrupt directional changes and because 
of sharp variations in cross-section. And, of course, there 
are the usual defects residual from processing thermoplastics 
components such as tees, not to mention the effect of 
adjacent butt-welds. 
An involved geometrical shape and the strong in- 
fluence of secondary effects such as non-directional bending 
stresses for example, make the analytical investigation of 
90o equal tees subjected to internal pressure a particularly 
difficult process. (British Standard 806 (66) does, 
however, give equations for combined stresses, hoop 
stresses and bending stresses for steel tee junctions. ) 
2.5.4 Short Term Rupture Testing 
(i) Testing Method. 
Short term rupture testing differs from static and 
fluctuating internal pressure testing by virtue of the 
fact that pressure is continuously increased, at a given 
temperature, until the pipe sample fails. It can be 
considered as the pipe equivalent of tensile testing,, 
carried out on dumb-bell shaped test pieces, and 
like 
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tensile testing results are influenced particularly by 
strain rate and temperature. ASTM D1599-74 (1980) Short-Time 
Rupture*Strength of Plastic Pipe; Tubing and Fittings 
(68) gives a detailed account of the test procedure 
which was adopted for such tests in the experiments 
reported in subsequent chapters. 
Literature dealing with this type of pressure test 
for thermoplastics pipe systems is somewhat limited, 
possibly due to the fact that it is not easy to deter- 
mine long term mechanical performance from the data 
obtained by this method. However, such effects as the 
ductile failure of PE and measurement of fracture tough- 
ness by using short term rupture tests have received 
attention, (71,72). 
Comparisons of this type of short term data with 
long time properties of various thermoplastics pipes 
under hydrostatic pressure have also been made by 
Goldfein (69) and Sansome (70). Such methods can only 
predict long term failure if the mode of fracture is 
ductile. It is not at all possible to predict long 
term brittle failure in this manner. 
2.5.5 Stress Ruvture-Testing of Polyethylene Pire 
(i) Stress Rupture Data and Failure Diodes. 
The behaviour of polyethylene pipe subjected to a 
static internal pressure (creep loading) is characterised 
by a family of stress rupture curves. There is general 
agreement in Europe that the stress rupture curves for 
both MDPE and HDPE have the general form shown in 
Figure 2.9, which indicates the presence of: a "knee". 
Above the knee the material deforms in a gross ductile 
manner with significant local straining of the material 
prior to failure, whereas below the knee a brittle crack 
propagates through the wall with little or no evidence 
of ductility and strains of usually less than 3% (73,74). 
At longer times and lower stresses, the mode of failure 
of HDPE and b1DPE pipe is by the propagation of a brittle 
crack through the wall of the pipe. Experience has shown 
that such cracks nucleate on the inside wall of a pipe 
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and propagate through to the outside (74,75). 
`In 
general this effect would be expected considering hoop 
stresses are greatest on the inside wall of a pipe. 
It may be necessary, however, to modify this reasoning 
if the pipe materials are not completely free of inhomo- 
geneities (which inevitably they are not). Cracks may 
then initiate at positions'. lying away from the inside 
surface where local stresses may be greater due to the 
presence of inclusions or voids or other nucleation 
sites. When pipes do fail by the propagation of a 
brittle crack, the fracture lies parallel with the 
pipe extrusion direction forming in response to the 
largest principal stress in the circumferential or 
hoop direction (20). 
It has been shown that any anisotropy introduced 
during the production of pipes has a greater influence on 
the stress rupture performance than on the creep response 
of the material itself. Uniaxial orientation, for example, 
can lead to an increased tendency to brittle cracking 
parallel to the orientation direction (76), in the case 
of pipes this generally, lies in the extrusion direction. 
So there is a combination of the largest principle 
stress and probably some residual orientation in the pipe 
material, which causes a brittle crack to form parallel 
to the pipe axis. 
These processing effects and the geometry of pipes 
makes it necessary to determine stress rupture behaviour 
on the, pipe itself. It is not really valid to rely 
entirely upon uniaxial tensile creep tests. 
(ii) Prediction of Stress Rupture Lifetimes. 
Two different approaches to calculate the lifetimes of 
plastics pipes subject to static loads or stresses have 
been proposed, one based upon the application of fracture 
mechanics (2,79) to slow stable crack growth, the other 
from the theory of activated rate processes developed by 
Eyring et al (77) and applied to thermoplastics pipes by 
Barton and Cherry (42,78). The fracture mechanics 
approach will be dealt with first. 
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Gray, Mallinson and Price (79) applied fracture 
mechanics to the case of slow stable crack growth in 
HDPE materials and found that the rate of crack growth 
da/dt could be given by 
da = BKcb 
dt 
(2.12) 
where B and b are material constants and K0 is the 
stress intensification at the tip of the growing crack, 
and is given by 
Ký =YQ (2.13) 
where Y is a geometrical correction factor 
a is the crack length 
0 is the applied stress 
It was assumed that the PE pipes failed from the inside 
surface by the propagation of a: -brittle crack of initial 
defect size a0. The crack was also considered to propagate 
from the defect immediately upon application of a load. 
With the factors Y, 0 and temperature remaining constant 
(2,79) then by substituting for KC in the crack growth 
rate expression and integrating between the limits of ao 
and h (the pipe wall thickness), the lifetime of the pipe 
under static internal pressure, 1SR, can be expressed as 
'LSR =2 1a0(1 - b/2) - h(1 - b/2) (y CFTU ) -b (2.14) 
b-2 B 
If the size of the defect changes such that Y varies 
Rionificantly. then the change in Y should be allowed 
for during integration. 
If h» ao and b typically greater than 2. the 
above equation simplifies to 
'CSR 2 (YOB ) -b ao(1 - 
b/2) 
b-2 B 
(2.15)' 
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where the terms in square brackets are constant for 
testing at both a given fixed temperature and pipe hoop 
stress. Assuming'then that equation (2.12) is obeyed 
by the material, the lifetime of the pipe is then dependent 
upon the initial defect size. It also implies that the 
initial crack growth dominates the lifetime since smaller 
cracks grow more slowly than larger ones. 
As an example, for an unnotched HDPE pipe material 
(006-60). Price et al (2,79) demonstrated that lifetimes 
could be predicted using the above approach if defect sizes 
between 10 and 100 pm were assumed. This material obeyed 
the crack growth rate law. 
The same method was applied to. another pipe material 
Rigidex bDPE 002-4.0 which is much tougher than conventional 
HDPE, but since it failed to obey equation (2.12), that is 
the crack propagation rate was not a straightforward 
function of stress intensity at the crack tip, then the 
equation used for predicting lifetimes became invalid. 
It should be stressed that the model of creep crack 
propagation in HDPE pipes under constant internal pressure 
proposed by Price et al (2,79) does not allow any period 
spent initiating cracks. The theory assumes that for a 
particular value of the critical stress intensity factor, 
there is a corresponding crack spsed. However., Bragaw (80) 
has reported on work with MDPE pipe systems and shown that 
there is a significant incubation time for a. crack to start 
growing in a slow, stable manner. He therefore casts doubt 
on the validity of the use of fracture mechanics concepts 
to determine the failure performance of such ductile materials. 
Price and Gray (2) answer this by insisting that although no 
incubation process has been included in their treatment, 
such an approach does describe the lower bound case of 
immediate stable crack growth. Also their experimental 
results agree with predicted values for HDPE pipes, which 
can be considered as having an insignificant period of 
crack initiation, that is, the cracks or defects are 
probably present prior to testing. 
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Activated rate processes have been. used (78) to 
describe the rate at which activated complexes pass over 
an energy barrier and assuming a local critical. failure 
strain the time to fracture under static loading can be 
described by 
t= Nh exp H-2 (2.16) 
kT kT 
which leads to 
0, = 2kT In N- In kT +H- 2kT In t (2.17) 
h kT ß 
where N is a constant 
Q is the applied stress 
H and ß are the activation energy and activation 
volume of the process leading to either ductile 
or brittle failure 
h and 'k are Planck's and Boltzmann's constants 
respectively 
T is the absolute temperature 
Equation (2.17) implies a linear stress-log time 
to failure relationship with a slope of 2kT/ß or in other 
terms the equation can be written 
0= Al - B1T In t 
(2.18) 
sometimes referred to as the "Russian" method for the 
prediction of stress rupture performance. 
Barton and Cherry (42,78) obtained stress rupture 
data from Hoechst A. G. for -Hostalen G14 5010 pipes and 
plotted the results in this linear stress-log lifetime 
fashion. Reasonable curves at testing temperatures of 
40,60 and 8000 were constructed from the data using the 
activated rate process theory. However, evidence (42,78) 
suggests that for HDPE the activation volume ß is not 
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constant and will increase with temperature. 
(Kubat-et al (81) produced results indicating that ß 
also varies with stress. ) These effects are contra- 
dictory to the proposals by'Barton and Cherry (42,78) 
since in order that they were able to produce curves 
to fit the pipe data more closely, a temperature 
dependent activation volume was required. In fact 
for GM 5010 HDPE pipes the value of ß more than 
doubled as the test temperature increased from 20°C 
to 80°C. 
In spite of these difficulties Barton and Cherry 
(42) formulated a general equation describing the brittle 
rupture time at any temperature for HDPE GM 5010 pipes, 
which is based. 
_on a 
knowledge of the temperature 
variation of the activation volume and other terms 
in the rate process equation, and is expressed as 
0=7.10 x 1016 T-4'30(1.12 x 104 T-1 - 13.5 - In t) 
which at 200C becomes 
(2.19) 
0= 201 - 175 In t (2.20) 
(iii) Fractography and Failure Mechanisms. 
In non-oriented thermoplastics such as HDPE and BTPE 
the failure mechanism under static loads is dominated 
by the development of creep cracks (73). 
The failure mechanism can be divided into 
three growth periods. 
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a. Homogeneous deformation which induces a crack to form.. 
b. A period of slow stable crack growth. 
c. A period of unstable crack growth. 
Generally, this formation and growth of creep cracks 
can be examined from the resultant fracture surfaces which 
can exhibit a number of features, as shown in Figure 2.10. 
Although not always the case, cracks are often 
observed to initiate at defects within the material. 
A stable crack growth follows which is considered to be 
thermally activated (73). The supposed constant conditions 
during this period cause a circular or elliptical smooth 
fracture surface to form which can extend across the thick- 
ness of the material, depending upon the applied stress. 
Higher magnifications reveal that for HDPE a cellular, 
locally highly drawn surface has formed in the mirror zone 
and can be seen in Figure 2.11. 
(Niklas (82), Gaube (71ý) and their co-workers have 
also found, with transparent PE pipes, that the period taken 
to initiate a crack could account for 90 of the lifetime 
of the pipe. ) 
From the fractographic analysis of surfaces of MOPE 
pipes, slowly spreading cracks and ring-like traces of the 
crack front can be seen in Figure 2.12 under low power light 
microscopy (83). Here a creep crack surface distinctly shows 
elliptical rings, the centre of which lies at the nucleation 
site. T: te crack had apparently propagatec1. slowly, the 
surface being uniformly covered with drawn fibrils as in 
Figure 2.13. High local ductile drawing occurs at or ahead 
of the crack tip, which Bragaw (83) suggests results from 
a craze preceeding the crack. 
It is also indicated that the fatigue cracks in 
HDPE pipes reported by Cowley and 'Nylde (20) are due to 
a creep type failure which is evident from the surface 
being covered with drawn fibrils, upon which, however, 
are superposed gross rings of a very different nature 
from sustained load markings. Bragaw (83) suggests that 
these rings are caused by a discontinuous crack growth. 
Hannon (84) reports on the mechanism of crack 
growth in a variety of HDPE samples under constant stress 
in a water environment. His findings are that the fracture 
surface of an HDPE copolymer produced in a water environ- 
ment at 600C shows a macroscopically brittle mode of 
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failure, the crack being preceeded by a void nucleation 
and growth process with considerable ductile deformation 
between the voids which results in the formation of 
fibrils. 
To summarise, the brittle fracture of HDPE in a 
water environment at elevated temperatures (-- 60°C), 
under plane strain conditions, at stresses well below 
the yield stress, proceeds by a mechanism of hole 
nucleation, hole growth and finally followed by the 
plastic deformation (yielding) of the molecules 
surrounding. the voids. 
In pipes under internal pressure, the complex 
stress system will give the crack growth mechanism a 
sense of direction and will nucleate at positions of 
highest stress. 
(iv) Effect of Material Properties on 
Fracture Behaviour. 
Creep is able to proceed unaffected by crack propagation 
although the reverse is not true. Every fault in a pipe 
requires a different initiating stress to start a crack 
and a different propagating stress, in many cases caused 
by the geometry of the crack tip (85). Therefore, as 
the general stress level increases due to creep under 
constant internal pressure, more cracks will open up and 
propagation rates will increase. Only one crack will be 
in evidence at failure, if there is a fast crack prop- 
agation, at slower rates a number of cracks will have 
initiated and be on their way through the pipe wall, 
only the fastest will actually cause failure. 
Naturally creep and crack propagation can occur 
at the same time, but since the relationship between the 
initial stress levels and time to failure for both 
mechanisms is different, the process leading to failure 
in the shortest possible time will predominate. In HDPE, 
the failure process has been shown to change at different 
stress levels (86 - 88). 
With respect to the brittle failures a, variety of 
factors affect the resistance of PE pipes to crack 
propagation under static internal loads. 
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Kagan et al (89) have studied the effect of 
microstructure on the time dependent behaviour of HDPE. 
They found a clear tendency for the increase in resistance 
against creep crack formation with an increase in density 
and size of crystallites and with a reduction in spher- 
ulite diameter. Also Gaube et al (74) have reported that an 
increase in crystallinity will lead to a higher yield 
strength at lower strain values and also to higher ductile 
strength. They go on to suggest that the higher the 
crystallinity and molecular weight the sooner the brittle 
fracture curve begins on a stress rupture plot. 
Kausch (73) judges from these observations that the 
process of creep crack formation is related to, a gradual 
disentanglement of chains and the ease of void opening 
in the intercrystalline and/or interspherulitic regions. 
Both mechanisms being essentially independent of creep 
deformation. 
2.5.6 Fatigue Testing and Fatigue Failure 
(i) Introduction. 
The process of fatigue failure can be defined by conditions 
of a repeated or cyclical form of loading where the maximum 
applied stress is less than would lead to immediate failure 
(9o). 
The test riet. hods, as summarised by Andrews (90). 
involve, 
a. A periodically varying stress system having a 
characteristic stress am-rlitude AO., 
b. A corresponding periodic strain amplitude 06 
c. A mean stress level Gm 
d. A mean deformation Em 
0. A frequency V 
f. A characteristic waveform for both stress and strain: 
g. Ambient and internal temperatures, which in general 
will not be precisely identical 
h. A given specimen geometry. 
For pipe systems the actual. -tests involve a periodic 
loading between fixed stress limits, in tension, where 
normally Om is set at some positive value and the minimum 
stress is zero or close to it (91,92,93).. 
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The object of fatigue testing is generally to develop 
a so-called S-N curve or Wähler curve. Such curves relate the 
maximum. or mean applied stress or stress amplitude to the 
number of cycles it takes to produce failure. This is 
particularly time consuming and expensive when carried out 
on pipe systems. Tests are therefore generally conducted 
at elevated stresses and temperatures-to produce failure 
in reasonable times. A particular drawback, however, is 
that the use of too high a'frequency may lead to a mode of 
failure called thermal melting and not to failure caused 
by cumulative damage or crack initiation and propagation. 
Fatigue failure by thermal melting is due to the - 
hysteretic energy generated during each loading cycle. (94, 
95,96) causing a rise in temperature which lowers yield 
stresses. Such failures occur usually at high loading 
frequencies of 10 Hz or more, large stress amplitudes 
and when the rate of cooling is low. The other two 
failure modes mentioned above will be discussed in more 
detail later in this chapter, since they are more relevant 
to the work presented herein. 
The schematic Wähler curve for a creep sensitive 
thermoplastic material is. shbwn in Figure 2.14. 
Stapel (97) describes it in three stages. (It should be 
noted here that although Stapel is referring to uPVC, which 
in pipe form does not exhibit a "knee" in its stress rupture 
curve, his description of the Wohler curve can, in general, 
be applied to PE pipe materials since they are creep 
sensitive. ) Stage 1 is considered highly dependent on 
the applied frequency, such that at lower frequencies the 
number of cycles leading to failure reduces. Stage 2 
has a greater slope and creep tends to exhibit diminishing 
influence with reduction in stress. The influence of 
frequency declines steadily at lower stress levels in 
Stage 3 and is often referred to as the fatigue or 
endurance limit. Strictly, Stage 3 can only be considered 
limiting if it is horizontal, implying that as the stress 
falls below this limit an infinite number of cycles at any 
frequency can be applied without inducing failure. 
Practically, for thermoplastics, Stage 3 is slightly 
inclined which means that the number of cycles leading. to 
failure increases sharply with only a modest reduction in 
stress. In spite of this, Stage 3 can still be considered 
as practically independent of frequency. 
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(ii) Effect of Fatigue Testing Variables on 
Fracture Behaviour. 
The fatigue. properties of pipe systems subjected to internal 
pressures can be affected by a variety of parameters such 
as environment, temperature, frequency of pulsation and 
so on. It is proposed, therefore, to discuss the effect 
of a relevant selection of such properties on pipe system 
lifetime. 
Since fatigue failure generally includes a creep 
component (particularly if the waveform is square) any 
factors which can. influ, 3nce the time to failure caused by 
static loads ., will also affect time to failure under 
fatigue conditions. Such variations can be more or less 
significant depending upon the contribution of creep to 
the failure process in fatigue. 
Pipe and Fitting Quality - 
The grade and quality of pipe and fitting materials have been 
shown to have a significant influence on fatigue performance. 
Moore et al (18) found that in poorly processed uPVC pipe, 
identified by the-relatively large concentration of polymer 
granules.. which had not become homogenised with the remainder 
of the plastic during processing, exhibited a reduction in 
time to failure when tested under fatigue loads using D-shaped 
spacers. To the author's knowledge'no work of this nature 
has been published for PE pipes. 
Other investigations with uPVC pipes have been carried 
out by, for example, van Crombrugge (98), where times-to 
failure for different manufacturers' pipes showed distinct 
variations, when subjected to identical fatigue conditions 
of frequency, load and temperature. 
The S-N curves obtained by Joseph (91) shows the 
variations that can be obtained when different manufacturers' 
pipe materials are used. There is no reason to suppose 
that such effects will not occur in PE pipes and fittings, 
but the documentary evidence for this is limited. 
Pipe Size - 
A. number of studies of the influence of pipe diameter and 
wall thickness on fatigue performance of uPVC have been--, 
reported. The findings of these studies are summarised below 
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a. larger diameter pipes do not of necessity exhibit lower 
fracture strength under fatigue at the same maximum 
hoop stress (18). 
b. Pipes of larger wall thickness exhibit lower fracture 
strength and allow the process of fatigue crack 
propagation to progress more easily (18). 
c. Smaller diameter pipes last longer than larger 
diameter pipes when subjected to the same maximum 
hoop stress, all other parameters being equal (99). 
d. Tests on pipes with different SDR's indicate that 
the thin walled pipes sustain fatigue loadings 
better than thick walled pipes, for the same 
maximum hoop stress (98). 
The conclusions drawn in 'a' by Moore et al (18) 
and in 'c' by Kirstein (99)t although not exactly 
contradictory, certainly do not reinforce each other's 
findings. In other words, by increasing the pipe diameter 
and maintaining the same wall thickness, but subjecting 
all pipes to the same hoop stress, the lifetime under 
fatigue may or may not be reduced. 
Test Frequency - 
As a general rule for semi-crystalline thermoplastics, the 
lower the frequency of the applied load, the fewer the 
number of cycles to failure, and the greater the period 
of test (the number of cycles multiplied by the cycle time) 
(97,100,101,102). 
There is an immediate contradiction of this "general 
rule" in a paper by McKenna and Penn (102). For conditions 
of zero-tension sinusoidal fatigue tests they found that 
the lifetime (time of test) of PE increases with increasing 
test frequency. For polymethylmethacrylate (PN A) 
increasing frequency caused the fatigue lifetime to 
decrease. Thus PMMA obeys the "general rule" as suggested. 
by Stapel (97) but PE does not, when subjected to the 
conditions stated above. There would appear to be some 
process at work in PE which is not yet obvious, but 
may have something to do with the waveform of the applied 
load. Also, these results are not produced on pipe`'' 
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samples and as yet there appears to be no data available 
for the fatigue properties of PE pipes from the frequency 
variation point of view. 
Depending on the frequency of internal pressure 
pulses, two types of failure are observed: 
a. Fatigue crack initiation and propagation. 
b. Fatigue thermal melting. 
To obtain fatigue failures in reasonable time, 
the highest practical level of frequency is normally 
used. However, as mentioned earlier the accumulation 
of hysteretic energy produced during each cycle is 
largely dissipated in the form of heat generating a 
temperature rise in thermoplastics, especially in the 
absence of isothermal conditions. 
This rise in temperature can be so great as to 
eventually cause the sample to melt, thereby preventing 
any load bearing capability (94,96,103,104,105). 
For pipes of uPVC, Stapel (97) discusses the 
effect of a range of fatigue frequencies from 0.1 to 
23.0 cycles per minute (cpm). He reports that Hucks (106) 
found no significant differences in the performance of 
the pipes fatigued in the stated frequency range. 
(The stress levels of these tests by Hucks (106) are 
not recorded and since the influence of frequency, 
clearly varies with different ätrsss levels (reference 
97, Figure 8 and reference 102, Figures 10 and 11), 
the results must be confirmed by other workers for 
them to be generally accepted. ) 
Several other researchers have examined fatigue 
properties of thermoplastics pipe (91,93,107) but 
in general only at one frequency, so that comparisons 
cannot be drawn to identify any frequency induced 
effects on lifetime. 
No mention is made in the literature on the effect 
of fatigue frequency on fitting performance except by 
Jacobi (108). He subjected injection moulded u PVC tee 
fittings to two frequencies at several pressures in a 
range up to about 6 
±, 2 atmospheres (0.606 
± 0.202 MPa) 
and at a temperature of 200C. He found that the 
increased 
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frequency (80 cpm) reduced the lifetime of the tee 
significantly, compared with a lower frequency of 2 cpm. 
Jacobi considered such failures to be related to the 
effects of processing, and went on to say that the 
results from his work proves the unsuitability of 
short term tests and long term tests under constant 
load for industrial plastics articles such as pipe 
fittings, which are subjected to periodically changing 
stresses.. In such cases he considers that only testing 
with alternating internal pressure or alternating 
stresses is useful. 
Cowley and Wylde (20) also indicate a definite 
weakness in 160mm OD tee fitting to pipe butt-welds in 
HDPE when subjected to fatigue loadings of-0.63 MPa 
internal pressure, at 500C, with a frequency of 4 cpm. 
Thus, again, the necessity of examining every 
type of joint and fitting as well as pipe, under fatigue 
conditions, becomes apparent. 
Shape and Loading Profile - 
Stapel (97) refers to work by Oberbach and Heese (109) 
which suggests that square wave loading profiles lead to 
failure sooner than either sinusoidal or sawtooth types 
of waveforms. It appears that such differences occur 
more markedly at high stresses, whereas at lower stresses 
no significant differences are apparent. 
'The reason for this appears to be due to the 
effect of creep deformation which has greater influence 
at elevated stresses; coupled with this is the reasonable 
assumption that since a rectilinear waveform imposes a 
maximum stress for longer compared with a sinusoid or 
sawtooth, the amount of creep damage per cycle would be 
greater. 
Hertzberg and Manson (94) discuss the effect of 
loading profile on fatigue crack propagation and, propose 
theories which conflict to some extent with those 
suggested by Oberbach and Heese (109). 
A change in strain rate is brought about by 
altering the waveform from rectilinear to sinusoidal,,,,,,,., _ ,, 
or triangular, this will affect the materials stiffness 
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as well as its yield strength, particularly with non- 
linear viscoelastic polymers such as HDPE. The higher 
the strain rate, the stiffer the material and the higher 
its yield stress. 
To summarise Hertzberg and Manson's opinion, the 
effect of loading profile on fatigue behaviour has been 
examined on a number of polymers where, for example, a 
square waveform has provided a strongly beneficial effect, 
no effect and a decidedly deleterious effect (94,96). 
Since polymers such as PE, uPVC and so on differ with 
respect to their viscoelastic response, the different 
strain rates provided by the three types of waveform 
mentioned above will have different effects on each 
material. There is, apparently, no hard and fast rule 
to enable a prediction of behaviour to be made. 
However, because the various loading profiles 
result in different load-time integrated areas and 
different loading rates, the effects due to creep 
deformation and load application, as described by 
Oberbach and Hees% have to be isolated. Hertzberg 
and Manson (94) show for a number of thermoplastics 
(not including PE) that for the same loading rate, 
crack growth rates giere consistently higher in 
association with the square wave which pDssesses twice 
the load-time integrated area (1'L), compared with the 
negative sawtooth waveform (ý). 
For any work specifically related to PE plastic 
pipes, it is necessary to refer to Ltrtsch (92)9 who 
found that a sinusoidally varying internal pressure on 
HDPE pipes increases time to failure if compared with 
a static load. 
From the preceeding discussions it becomes clear 
that both loading rate and load-time integrated area must 
be considered when examining fatigue response in PE pipe. 
systems. This will supply only part of the solution, 
however, since stress levels and frequency will also 
produce significant effects, for reasons described 
previously. Fatigue response in PE is thus apparently 
a result of a complex interaction in a number of 
variables,. 
which has not been clearly defined in the literature to 
date. 2.31 
Static Loads - 
A series of interesting tests have been carried out by 
Hucks (106,110,111) whereby the effect of a static load 
prior to cyclic loads was examined. The reverse case was 
also considered. One test is described where a uPVC pipe 
was put under a fatigue load for 9 Wo of the average number 
of cycles to cause failure, the pipe was then subjected to 
a static load at the same maximum pressure. No reduction 
was observed in the static load time to failure at a given 
stress, for the previously fatigued pipe compared with the 
life of a pipe subjected to static load only. 
The converse also appeared to be true, that there 
was no reduction in fatigue life after a pipe had been 
subjected to static load. 
(iii) Prediction of Fatigue Lifetimes. 
When failure of plastics components by fatigue thermal 
melting is precluded the lifetimes of such articles 
subjected to certain fluctuating loads have been success- 
fully predicted by using the concepts of cumulative damage 
and cycle dependent failure which can be described in 
terms of fracture mechanics. 
The cumulative damage concept of fatigue failure 
assumes damage accumulates only during the time when the 
part is subjected to stress, failure occurring when the 
accumulated damage reaches a britical value (102). 
For simple loading profiles, such as a rectilinear 
waveform, the cumulative damage model is able to predict 
the number of cycles to failure, Nf, using an expression 
similar to that of Stapel (97): 
Nf =Z SR (2.21) 
t 
max' T, 0 
where 1 SR is the stress rupture 
lifetime and tmax is 
the section of the time cycle under the set maximum load, 
both at the same stress and temperature. In theory 
equation (2.21) is frequency independent and no restriction 
is placed on the length of the period tmax spent at 
maximum stress during each cycle. There is also no 
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allowance made for recovery of damage, so that it must 
be assumed that either the recovery or the time off load 
is negligible. 
.. In cycle dependent fatigue failure the repeated 
application of stress, rather than the time for which the 
stress is applied, induces damage and causes a crack to 
propagate. It implies that a component will fail after 
a given number of fatigue cycles and the total lifetime 
to failure decreases proportionately with increasing test 
frequency. McKenna and Penn (102,112) have shown that 
PE subjected to sinusoidal fatigue loading does not fail 
in a cycle. dependent manner, nor can the previously 
described cumulative damage concept describe the material's 
frequency dependence. 
The actual rate of crack propagation is in terms 
of the number of loading cycles, N. and is usually 
expressed in a form attributed to Paris (113): 
da = D, -(AK 
dN 
(2.22) 
where D and d are material constants and AK is the stress 
intensity factor range given by 
= Y(L0) Ila ýK= Kmax Kmin (2.23) 
and Y is again a geometrical correction factor 
AO is the gross stress range 
a is the crack length. 
In this mode of fatigue failure, for plastics, the frequency 
of loading can have a considerable influence on both 
"constants" D and d. 
Equations (2.22 and 2.23) can be further integrated 
with respect to N between the limits--of initial crack 
length ao and the final crack length, which for pipes is 
the wall thickness h (2,8,79). Thus we have 
2 (1 - d/2) Nf = a0 
d-2 
2.33. _. 
D 
(2.24) 
This equation assumes that the geometrical correction 
factor, Y. remains constant between ao and h. If, 
however, Y depends strongly upon crack length then the 
equation for Nf-must be evaluated numerically. 
When h>. ao, its contribution to the expression 
for Nf is very small and the equation can be simplified 
to 
Nf = Constant (2.25) 
AO d 
which can prove useful for determining stress level 
effects on the fatigue crack propagation lives of 
samples with identical geometries and flaws (114). 
(iv) Fractography and Fatigue Failure Mechanisms. 
The majority of work reported in the literature refers 
to the fatigue of glassy polymers (73,94,96 for example). 
However, White and Teh (115) have helped to rectify this 
position and discuss results obtained mainly with LDPE, 
but also refer to HDPE and plasticised polyvinyl chloride 
(pPVC). Laghouati et al (32) detail results specifically 
related to FC P and HDPE and Cowley and Wylde (20) deal 
with the fracture morphology and mechanisms of fatigue 
failr. re in HDPE pipe systems. It is proposed to discuss 
these papers separately. 
White and Teh (115) used a specially constructed 
fatigue rig at a frequency of 0.24 Hz (15 cpm) on 
compression moulded parallel sided dumb-bells where 
the internal stresses had been removed. The HDPE 
material had an average molecular weight Mw of approx- 
imately 105 and a number average molecular weight of 
approximately 104, a density of 960 kg m-3 and a melt 
flow index of 2.5. They indicated that stress white- 
ning was found to occur at the crack tip prior to crack 
growth. The surface showed a fibrous type of failure 
where the fibrillation was more extensive and developed 
to a degree greater than in the other polymers of their; 
investigation. Microfibrils were observed with lengths: 
of the order of nanometers and were found to be comp- 
arable to the well developed microfibrils produced by 
"cold drawing" of HDPE at elevated temperatures. The 
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fractured fibril remnants were generally less than 3 pm 
in length. 
During large cyclic crack advances it is often 
the case that fatigue striations are formed particularly 
under conditions of high tensile strain and during the 
final stages of fracture, Slow crack growth in HDPE is 
usually related to a rough fibrous region on the fracture 
surface. The striations, it is proposed, normally form 
at the rate, of one per cycle, however microstriations 
are also shown to be present. They are not thought to 
be caused by a mechanism of crack arrest, rather the 
microstriations were consistent with their identific- 
ation as lamellae, either exposed ends or fractured 
sections which lie parallel to the crack front. 
Hertzberg and Manson (94), however, consider that 
the 0.5 pm wide bands found on fracture surfaces in 
their own studies may represent a cluster of several lamellae 
or different sections through such crystalline units. 
Microstriations were also in evidence in the " 
fibrillated region again approximately parallel to the 
crack front, although some orientation effects have 
been observed, thought to be caused by modifications 
to the stress field direction corresponding to stress 
concentrations associated with fibrils. It is difficult 
to obs<: rve microstriations in the fibrillated regions 
however. 
, 
During rapid crack advance, the material at the 
head of the crack tip is strained at a much higher rate 
which subsequently prevents cold drawing and the high 
degree of fibrillation is lost. 
The lines (referred to by White and Teh (115) as 
river lines) which lie in the direction of crack propa- 
gation are determined, it is thought, by interspherulitic 
paths at slightly different levels. Similarly the generally 
undulating appearance of the fracture surface when tracing 
paths in a radial direction from the nucleating spheru- 
lite can also be related to the-boundaries between the 
spherulites, though plastic deformation can mask such evidence. 
Laghouati et al (32) carried out their fractographic 
and mechanistic analyses on HDPE of various molecular 
.. 
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weights and crystallinities at 20°C, The specimens were 
notched prior to testing, 0 max was maintained 
throughout 
the test and no compressive stress was applied to the 
sample. They found that the lower molecular weight samples 
of Mw = 45000,70000 and 72000 showed extensive micro- 
ductility arising from micronecking and cracking of 
damaged regions (voids) in a continuous propagating 
mechanism, i. e. no striations. The discontinuous propa- 
gating mechanism in the cracking of a high molecular weight 
sample (Mw = 200,000) was shown by the presence of several 
crack arrest lines. In the area preceeding the crack arrest 
lines microstriations were observed. They suggest that 
microscopic growth calculated on the basis of one striation 
space for one cycle is much larger than macroscopic 
observation and it is proposed that a step-wise mechanism# 
with the formation of a crack in the process zone behind 
the crack tip gives a reasonable explanation of the fracture 
surface as shown in Figure 2.15. 
This is somewhat different to the mechanisms proposed 
by McEvily et al (116) for LDPE, who describe a crack tip 
blunting model for fatigue striation formation. Figure 
2.16 shows that during the stress-off period of the fatigue 
cycle, elastic contraction of the plastic zone ahead of the 
crack tip imposes a residual compressive stress on the tip, 
This resharpens, reduces the material ductility ahead of 
the crack front and produces a fracture surface of alter- 
nating troughs and flat regions, where the two surfaces 
are mirror images. 
Cowley and Wylde (20) separate their study of fatigue 
fracture surface into discussions relating to crack initia- 
tion and crack propagation. They indicate that environmental 
and/or microstructural effects do not have the most signif- 
icant effect on the initiation of cracks. They observed 
failures in a water environment and pipe/pipe welds made 
at the recommended welding temperatures and suggest that 
the factors causing failure must operate Tin the absence of 
environment. They go on to say that failures in pipes are 
observed well away from the heat affected zones near butt- 
welds, where there has been significant microstructural 
change, but which is not considered as a prerequisite for 
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crack initiation. In general it appeared that failures 
occurred from either voids within pipes walls or at 
pipe/pipe welds where defects caused by pipe wall mis- 
alignment and weld mismatch could be seen. 
In a second series of tests failures initiated at 
weld bead discontinuities produced by the effect of internal 
weld lines in injection moulded fittings. The weld defects 
act as stress raisers and during cyclic loading cracks are 
initiated at such points. 
The fatigue tests on the HDPE systems were carried 
out at elevated temperatures 43 - 70°C but at a constant 
frequency of 4 cpm. The pressure profile was of a ramped 
square waveform. 
Scanning electron microscopy confirmed that what- 
ever the mode'. of crack initiation, the crack growth took 
the same form in these pipe systems. All surfaces revealed 
a banded structure which were concentric and allowed the 
nucleation site to be located. The general structure of 
the failure surfaces consisted of light areas with a high 
degree of fibrillation. White and Teh (115) showed the 
lighter areas to be caused by stress whitening at the 
crack tip prior to crack growth. 
The mechanism used by Cowley and Wylde to explain 
these fracture surfaces is similar to that proposed by 
MoEvily et al (11S). A reduction of ductility ahead of 
the crack tip during the stress-off part of the cycle is 
again assumed and when the stress is applied again the 
crack propagates through the now less ductile zone and 
into the more ductile normal material producing dark and 
light bands. Evidence for this effect is also drawn from 
the fact that the two fracture surfaces for each failure 
are indeed mirror images of each other. 
The underlying microstructure of the material just 
below the fracture surfaces is also regarded as having an 
effect upon its appearance. Evidence is found to suggest 
that material flow during butt-welding and during extrusion 
or injection moulding induce a directional preference for 
the fibrils on the surfaces. The fibrils have been shown 
to point in the direction of material flow. It can be 
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regarded, therefore, that the fracture surface features 
are influenced strongly by the microstructure of the 
material through which the crack has to pass and 
conversely fracture surface examination can provide 
microstructural information. 
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FIGURE 2.1 Morphological variations across an 
HDPE pipe sample prepared by cutting 
a thick section from the surface with 
a sledge microtome. 
(After reference 22). 
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FIGURE 2.5 Dependence of failure time on free sample 
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biaxially streEsed pipes. 
Temperature 20 C; Hoop stress 39.3 MPa 
Pipe dimensions: - OD 110mm; Wall 3.3mm 
(After reference 61) 
h 
OH = Pa 
2h 
OH OH 
FIGURE 2.6 Half of a thin cylinder subjected to 
internal pressure showing the hoop and 
longitudinal stresses acting on any 
element in the cylinder surface. ' 
(After reference 63) 
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FIGURE 2.14 Schematic Wähler curve for a creep 
sensitive thermoplastic. 
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Mechanism of fatigue crack 
,. propagation in a semi- "crystalline thermoplastic 
(HDPE) 
(After reference 32) 
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FIGURE 2.16 
Mechanism of fatigue crack 
propagation in a semi-crystalline 
thermoplastic (uPVC). 
(After reference.. 116) 
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL METHODS 
3.1 
CHAPTER I- MATERIALS AND EXPERIMENTAL METHODS 
3.1 INTRODUCTION 
3.1.1 Laboratory Development and Experimental Objectives 
A laboratory was allocated and equipped for the 
purpose of internal pressure testing thermoplastics pipe 
systems with the following objectives in mind. -., 
a. To test thermoplastics pipe systems with a range of 
outside diameters from 60mm up to 180mm. 
b. To test as many systems as possible at any time within 
the available space. 
c. To test the systems under a wide range of pressures 
and temperatures. 
d. To enable a comparison of failure behaviour to be made 
for the pipe systems in three different modes of 
internal pressure testing, namely 
Short term rupture (burst) testing. 
Stress rupture (creep or static fatigue) testing. 
Fatigue (intermittent creep or dynamic fatigue) testing. 
These guidelines have led to a flexible, reliable 
and comparatively inexpensive pressure testing facility. 
3.1.2 'Experimental Programme - General Description. 
All thermoplastics pipe systems were obtained 
directly from manufacturers in-the form of extruded pipe 
lengths and compatible injection moulded fittings. All 
were typical of those used in applications such as chemical 
process, water and gas installations. 
The pipes and fittings were all joined using the 
mirror-plate: butt-welding technique with conditions as. 
recommended by the respective manufacturers. 
The strength and integrity of such welds were 
determined by tensile testing a selection of typical joints 
in a similar fashion to that described by Atkinson (48)', ', 
Pipe systems fabricated by the-butt-weld technique 
were subsequently pressure tested by methods noted in the 
previous section. Such testing provided basic design and 
mechanical performance data which is invaluable for deciding 
whether or not a thermoplastics pipeline is suitable for 
a given service MAY. 3.2 
To examine material properties before and after 
pressure testing and to identify the effects of testing 
variables upon the pipe material behaviour, a variety of 
characterisation techniques were employed. These included 
microtomy and light microscopy, scanning. _electron microscopy 
(SEM) and differential scanning calorimetry (DSC). 
To identify the mechanisms of failure, -the fräcture 
surfaces of failed specimens were photographed to charact- 
erise their "macrostructure" while SEM was used to examine 
both the fine detail of the fracture surfaces and the shape, 
size and position of any particle initiating fracture. 
The elemental composition of such particles was determined 
using energy dispersive x-ray analysis, such data being 
invaluable to discover from what source the crack initiating 
particles had arrived. 
By correlating mechanical performance data and 
fracture surface analyses the effect of processing defects, 
of one sort or another, on subsequent behaviour would be 
ascertained, resulting in suggestions for improved processing 
techniques which if implemented could lead to longer service 
lives and reduced instances of premature failure. ' 
3.2 MATERIALS AND PHYSICAL PROPERTIES 
Small diameter (60 and 63mm outside diameter (OD)) 
SDR11 pipes extruded from two high density rolyethy? ene 
(HDPE) and two medium density polyethylene (MDPE) resins 
were used in the course of the investigations. 
The injection moulded fittings, bends, tees *and 
flanges were made from compatible materials to the pipes 
but may be'slightly different" because of-processing require- 
ments. Test specimens were fabricated only from those 
pipe and fitting grades recommended to be joined by the 
manufacturers. 
All four resins were thermoplastic non-crosslinked 
polyethylenes which are most easily characterised by a 
density and'melt flow index (MFI), the latter being commonly 
used as a guide to the molecular weight. The density and 
TIPI of these materials were determined and'in all cases, 
found to be within the manufacturers specifications. 
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The performance of selected large diameter 
(160mm OD and 180mm OD) SDR 11 PE pipe systems from the 
same manufacturers as-for"the smaller pipes was also 
investigated. 
The four materials and their commercial designations 
are presented in Table 3.1. 
Relevant physical properties for each of these 
materials are compared in Table 3.2 and their stress 
rupture performances are given in Figures 3.1 - 3.4. 
A comparison of stress rupture performance at 80°C is 
drawn in Figure 3.5. 
All data presented in Table 3.2 and Figures 3.1 
to 3.5 are obtained from manufacturers published literature 
(6,117'- 119). 
3.3 MATERIALS CHARACTERISATION TECHNIQUES 
Materials characterisation studies, particularly 
related to the examination of microstructure began in the 
early stages of the project and were initially of an 
exploratory nature. At the time the mechanical testing 
programme had not identified potential weaknesses in the 
pipe systems and therefore specific areas upon which to 
concentrate the microstructural examination. 
The spherulitic structure in the HDPE and MDPE 
pipe m-iterials was found to be particularly fine and since 
the polymers were mixed with significant quantities of 
pigments or fillers, the characterisation of microstructure, 
by the combined techniques of thin section microtomy and 
light microscopy, was a particularly difficult task. 
It was therefore decided that such an approach would 
be used only when other techniques failed to provide the 
required information. 
As a consequence only coarse surface preparation 
methods were, in general, used to highlight morphological 
variations through pipe or fitting walls. 
Thermal analysis in the form of differential scanning 
calorimetry. (DSC) was used to obtain some measure of the 
materials' peak melting temperatures and crystallinities, 
and also to identify any variations in these parameters 
which might be induced by internal pressure testing at 
elevated temperatures, and so alter mechanical performance. 
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TA9= '. 1 - Materials of Test and Their Respective Comtaercial Designations 
. MATERIAL ABBREVIATION COM. RCIAL DESIGNATION MA (UFACTÜR: R 
High Density Polyethylene HDPE 1 HOSTAIEN GM5O10 HOECHST 
Type 1 
High Density Polyethylene HDFE 2 HOSTALEN GM5010 T2 HOECHST 
Type 2 
Medium Density Polyethylene MDP! 1 ALDTL 'A' (AIATHON =IN) IN) DU PONT 
Type 1 
Medium Density Polyethylene MD?! 2 RIGIDEX 002-40 R919 3P CHEMICALS 
Type 2 
TA3 2 1.2 - Com arison of Selected Physical ? roDerties for the Pile Systems' tiaterials 
PROPERTY UNIT HDPE 1 HDPE 2 D9P; 1 DJPE 2 
DENSITY kg m' 954 954 937 940 
! E-LT FLOW INDEX. g 10 min-1 0.3 0.4 1.1 (Pipe 0.2 
material) 
YfLD STRESS MPa 24 21 19.3 (Pipe 19 
material) 
ELONGATI0MEýR % 800 800 > 500 300 
ELASTIC MODULUS MPa 662 (Pipe 
material) 
IMPACT STRENGTH Jm notch 930 
CRYSTALLITE 
PELTING RANGE 
oC 127 - 131 127 - 131 
VICAT SOFTENING oC 121 (Pipe 118 POINT material) 
COEFFICIENT OF R-1 2x 10-4 2x 10'4 1.62 x 10-4 (Pi-a 1.5 x 10-4 LINEAR EXPANSION material) 
THERMAL 
CONDUCTIVITY WM 
-l R-1 0.43 0.43 0.25 
Notes L) wll values reporLea are cotalne a zrom manuzaczu: ers p z. Lis : ea 11Lera zure 
2) The test methods for determining material properties are in accordance with 
relevant British. American or German Standards. However. wherever possible all 
data is directly comparable. or example, the strain rates for all tensile tests 
were reported to be 125mm min- 
T. 
3) Unless otherwise stated all properties relate the pipe base resin (with additives 
and pigments. 
4) Further' information relating to methods of test can be fou:: d in manufacturers 
published literature (6.117 - 119 ) 
3.5 
Finally, other methods such as'tensile testing 
and melt flow index determination were employed to 
confirm manufacturers' or other experimental data or 
to follow material changes produced as a consequence 
of testing. 
3.3.1 Microtomy and Light MicroscoDy 
(i) Thin Sections. 
For highly birefringent semi-crystalline plastics a 
convenient method of making an accurate microstructural 
analysis is by the use of microtomy coupled with 
microscopy (120). 
In the experimental method a sledge microtome of 
the, type shown in Figure 3.6 was used for preparing the 
thin sections. The specimens were held rigidly and the 
blade operated with the minimum of vibration. Sections 
were cut to a thickness of less than 10 pm, but usually 
to between 4 and 6 pm. This generally allowed enough 
light to pass through to enable the microstructure of 
the section to be viewed. All sections were transferred 
to clean microscopy slides, immersed in a setting oil 
and protected with glass cover-slips. They were sub- 
sequently viewed by means of a Reichert "Zetopan" micro- 
scope, with camera attachment, set up for transmission 
polarised light microscopy with the polariser and analyser 
crossed. The light source could be varied in intensity 
and was of-the reflective type. 
Since any section taken from a position perpen- 
dicular to an extruded pipe axis through its wall can be 
considered to have essentially the same microstructure 
as any other position in that plane, or indeed in any 
parallel plane along the pipe length, it is possible to 
identify the pipe microstructure from a relatively small 
number of samples. This is not the case with an injection 
moulded article since the polymer melt is subjected to 
various shear stresses and temperature changes throughout 
the mould cavity. The finished article contains a 
variety of localised microstructural features which can 
have a great effect upon the overall appearance and 
mechanical performance of the moulding. It was for this 
reason that a general microstructural examination of the 
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pipe system fittings was not undertaken and only those 
areas which demonstrated obvious weaknesses were invest- 
igated, if this was possible. 
In spite of the difficulties encountered obtaining 
useful microstructural data, it was however possible to 
examine the dispersion of pigments and fillers and also 
to determine, to some extent at least, the direction of 
polymer flow in a given section. 
Fillers and pigments tend to congregate along flow 
lines and thus are an indication of the polymer melt 
behaviour. 
When sections were required for examination of 
flow or orientation they were microtomed parallel to the 
flow direction. 
Butt-weld-or. Anternal weld interfaces were shown to 
reasonable effect even in the heavily pigmented materials 
along with any associated heat affected zones. 
(ii) Planed Surfaces. 
A very straightforward means of examining variations of 
morphology through the walls of extruded pipes and injection 
moulded fittings consists simply of planing bulk specimen 
surfaces with a steel blade. Sledge microtomy is the most 
convenient method of such surface preparation and requires 
that the cutting edge be relatively blunt but to be used 
with e m3. nimum of vibration. 
An example of a surface prepared in this way is 
shown in Figure 3.7 and indicates that the interaction 
between the blade edge and sample material produces stress 
whitening of varying intensity. It is believed by Hunter 
and Bevis (22)that such variations reflect the changing 
microstructure across the wall of a pipe or fitting made 
from pigmented PE. 
Welded areas and heat affected zones were also 
shown to good effect by this method. 
If thick layers of about 40 pun are removed from 
the sample surface with a relatively blunt blade the 
stress whitening is shown most clearly as in Figure 3.8. 
Only 10 pm were removed to produce the surface presented 
in Figure 3.7. 
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3.3.2 Melt Flow Index Determination 
The melt flow indices of both extruded and injection 
. moulded"components of all systems were 
determined in 
accordance with ASTM D 1238 procedure A-MFI condition E (121) 
The equipment used-was a Davenport Melt Indexer Model III. 
In all cases care was taken to ensure that MFI 
determinations were made on material taken from the-same 
relative positions. 
The MFI of a thermoplastic is usually the measured 
gravimetric flow rate of the sample melt expressed in units 
of grams per ten minutes (g 10 min-') through an orifice 
of diameter 2.095mm at a defined pressure and temperature. 
It is generally regarded as being a measure of the molecular 
weight (fw), with the low index being indicative of high 
molecular weight. 
The feedstock was produced by granulating the bulk 
pipe or fitting material. 
The temperature was set at 190°C 
± 0.3°C and the 
applied load kept constant at 2160g. 
Two methods were used to determine the indices. 
The first involved weighing the amount of material extruded 
through the standard die in a given time. The second 
involved measuring the time taken for the dead weight 
piston to fall 2mm during a melt flow test. 
No less than five individual determinations were made 
for each material component. 
3.3.3 Differential Scanning Calorinetr 
The crystallinity and peak melting temperature of 
a polymer can be obtained by using the technique of 
Differential Scanning Calorimetry (DSC). Significant 
variations in the materials thermal properties can occur 
through the thickness of pipes or at different positions 
within injection moulded fittings. Thus, samples were 
removed from pipe systems consistently from the same 
relative position and at the same distance from the inside 
surface of all pipes with identical wall thicknesses. 
With respect to failed specimens material was removed 
adjacent (within 5mm) to the fracture surface. 
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The analyses were carried out on a Perkin-Elmer 
DSC-2 differential scanning calorimeter according to 
AST14 D 3417-75 (122). Melting points were determined at 
the peak value and crystallinity measured in terms of the 
areas beneath the melting endotherrns as illustrated in 
Figure*3.9. 
The instrument was calibrated with indium, whose 
melting point of 429K is close to the melting temperatures 
of the polyethylenes under investigation. Accurate heats 
of fusion were assured by obtaining a horizontal base line, 
over a temperature range of about 500K, while both the 
reference and sample pans were empty. 
The heating rate was set to 10 Kmin-1 at a sens- 
itivity of 5 meal s-1 for sample weights of approximately 
5 mg. 
The unit employs an average temperature circuit to 
measure and control the temperature of the reference and 
sample holder which conforms to a pre-determined profile. 
This temperature is plotted on one axis of an X-Y recorder 
and simultaneously a monitor compares the temperature 
difference between the sample and reference holders, 
supplying energy to each so that their temperatures remain 
equal. When a sample undergoes a thermal transition a 
signal proportional to the power difference which is required 
to maintain identical temperatures, is plotted on the second 
axis of the recorder. The area under the curve is a direct 
measure of the enthalpy of fusion (OHf) which is considered 
linearly proportional to the crystallinity in the sample. 
As a measure of the accuracy of the instrument a 
quantitative comparison was made by running the endothermic 
peak for, indium. The value of AHf for indium is well 
documented at 28.4 kJ kg-1 (36) and an average of five 
experimental determinations on the DSC-2 was in close 
agreement with this figure. 
The percentage crystallinity was calculated from 
% Crystallinity = AHf x 100 
AHef 
where AHf, was'the enthalpy of fusion of the sample, and where 
AHef was the enthalpy of fusion for a 100% crystalline linear 
P'E. The value of AHe f was taken from Brennan 
(36) at 
286 kJ kg-1. 
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In all pipe materials examined pigment was present. 
The crystallinity values obtained are therefore under- 
estimates as no attempt was made to determine the pigment 
content to provide for a more accurate crystallinity result. 
It was also assumed that the pigment dispersion was constant 
throughout the materials. The results must therefore be 
considered comparatively and are in no way absolute. 
3.3.4 Tensile Testing 
Tensile tests were used as a means of assessing the 
short term performance of the pipe materials and as a 
measure of the strength of butt-welds. They were not 
employed to determine long term mechanical behaviour of 
a pipe since such extrapolations have not yet been proved 
to be valid. 
Tensile test samples were cut from pipes and butt- 
welded pipes parallel to the pipe axis, on a milling machine 
in accordance with the overall dimensions described by 
ASTM D 638 type 1 (123). Typical welded and unwelded 
samples are shown in Figure 3.10. 
For welded samples, specimens were cut so that the 
weld joint lay in the middle of the guage length. 
On a number of welded test specimens the effect of 
removing the weld bead by machine was also examined. 
The testing was carried out on an Instron tensile 
testing machine at an ambient temperature of 23°C. The 
cross head speed was set at 0.85mm s-` (2 in min-1) giving 
a strain rate of 1.44 x 10-2 s-l. 
In each case the dimensions of tensile: samples 
were measured prior to testing with thicknesses being 
determined by the pipe walls. 
Engineering stresses and strains were subsequently 
calculated from load/extension curves. 
For the butt-welded samples it was possible to use 
a short term weld factor as a measure of the quality of 
a butt-joint, where 
Weld factor (f) = Tensile strength of a butt-weld 
Tensile strength of the parent material 
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3.4 PIPE SYSTEMS 
- 'Emphasiswas given to testing pipeline systems which 
included extruded and moulded parts that were processed 
from essentially the same material and which would be used 
in commercial practice. 
The range of pipe systems tested is summarised in 
Table 3.3. Figures 3.11 and 3.12 illustrate schematically 
the overall designs of each system and the corresponding 
dimensions are given in Table 3.4. - 
The systems' dimensions conform to, at least, the 
minimum requirements of the following American, British 
and German Standards, 
ASTr4 D 2610-73 BS 4728 
2611-73 4962 
3261-73 4991 
1599 1973 
1598 3796 
2104-73a 1972 
2143-69 
DIN 16963 
These standards cover pipe system dimensions for. 
static fatigue testing and short-time ruptuze 'Pasting gor 
thermoplastics and cyclic internal pressure testing for 
thermosetting plastic pipe systems. 
Similar dimensions have been used for the cyclic 
internal pressure testing (fatigue) of the thermoplastics 
examined during this investigation. 
3.5 MIRROR-PLATE BUTT-WELDING OF PIPE SYSTEMS 
3.5.1 Butt-Welding Method 
Butt-welded joints are produced by heating two 
mating .. surfaces with a 
hot tool and by forcing both 
surfaces together under pressure. 
For best results welding machines are used. The 
component faces -having 
been aligned and machined to* 
ensure that they are parallel and flat are cleaned-with 
a degreasing agent such as acetone and then heated to a 
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temperature at which the polymer is fluid enough to flow . 
and intermix across the joint. This is effected by planing 
both surfaces in contact with a thermostatically controlled 
heating element. Both parts are then brought together under 
pressure. Some of the molten plastic exudes from the joint 
face to form a weld bead. . 
The temperature of welding is quite critical since 
it needs to be high enough to allow for adequate flow and 
mixing, which should result in a joint strength comparable 
to the parent material strength, but not too high so that 
the plastic degrades. This would result in a weaker weld. 
Other factors such as weld pressure, heat soak time, etc, 
all can affect the strength and integrity of a weld and 
should be closely controlled. 
3.5.2 Equipment and Modifications. 
The equipment used during this investigation for 
effecting butt-welded joints in PE pipe systems comprised 
a "Wavingas" Mark II butt-welding machine manufactured by 
Itaxey Engineering Limited together with a hot-plate as 
shown in Figure 3.13. The machine is of the type which 
applies pressure directly along the central pipe axis. 
The hot-plate is thermostatically controlled with 
a power rating of 1250 watts and covered on both faces 
with PTFE impregnated glass cloth which prevents the 
molten material adhering to the hot-plate and thus 
damaging the plasticised surfaces. 
The temperature of the hot-plate was checked using 
a Digitron contact digital thermometer. Once the temper- 
ature had been set, it did not vary appreciably with time 
but was not consistent around the hot plate surface. 
Table 3.5 shows the temperature differences obtained 
along four lines at right angles to each other radiating 
from the approximate centre of the tool. 
The pressures used during the welding process were 
ascertained by the use of an Instron load cell mounted 
horizontally in the welding machine which enabled a 
calibration of the integral pressure guage to be made. 
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-TABLE 3.5 - Temperature-Distribution. Around the Hot-Plate 
Used for Butt-Welding Pipe Systems. 
ANGLE TEMPERATURE RANGE 
°C 
NUMBER OF 
READINGS 
0° 203 - 
204 17 
900 202 - 203 17 
180° 201 - 202 17 
270° 211 - 212 17 
Weight average temperature - 205°C 
Notes (1) Required temperature set at 205°C 
(used for HDPE 1+ 2). 
(2) The angle is related to the hot-plate 
handle pointing vertically downwards. 
(3) All results relate to one side of the 
hot-plate only but tests indicated a 
similar temperature distribution on 
the opposite face. 
After reference 124. 
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The machine was used for joining pipes and pipeline 
fittings such as tees, bends and flanges in the range of 
outside diameters 60mm to 180mm. This was only possible 
by utilising re-rounding clamps and specially designed 
modifications including 3-and 4-jaw chucks. 
The re-rounding clamps are held in the machine one 
side of'which moves along tie bars, the other side held 
stationary. A fluid operated ram system activates the 
moveable half of the pipe clamps, the direction of which 
can be chosen by a two-way selector switch. The rams are 
pressurised using a nitrogen gas: cylinder, foot-pump-, 
or compressed air system to the inlet port. This enables 
component faces to be brought together or separated as 
required. 
3.5.3 Procedural Conditions 
The welding conditions adopted were those recommended 
by the manufacturers of the different pipe systems. For 
convenience and ease of comparison these have been drawn 
schematically in Figures 3.14 - 3.17 in. terms of force or 
pressure against time. 
All steps during the welding process and the specific 
conditions are tabulated for each material and size in 
Table 3.6. 
In general it is a three step process, weld bead-, 
formation, heat soak and weld formation. The values for 
the force in Figures 3.14 - 3.17 were derived from cali- 
brating the welding machine using the Instron load cell and 
the actual pressure obtained from a measure of the force 
and the cross-sectional area of the pipe being welded. 
It is useful to note that the schematic represent- 
ations of. the welding profiles for all systems are to the 
same force scale and therefore reflect the marked differ- 
ences in recommended welding procedures for the different 
grades of pipe material. 
In all cases care was taken to ensure that misalign- 
ment, either lateral or axial, was kept to a minimum 
(under 0.5mm for lateral, mismatch and a minimum included 
angle of 179°). The modifications to and accurate cali- 
bration of the welding machine also facilitated optimisation 
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and reproducibility of the welding conditions. 
More detailed information relating to the actual 
welding--procedure can be found in manufacturers literature 
or in the EEUA Handbook No. 35 P"31 (43). 
3.5.4 Evaluation of Joint Quality 
All butt-welds'were inspected visually to check 
that they complied with'the specific requirements of 
manufacturers literature. The general inspection procedure 
has been outlined in Chapter 2 and is presented more fully 
in reference 43 
Apart from the destructive tensile testing described 
in Section 3.3. L. '. and the burst, stress rupture and fatigue 
testing described later on in this chapter, no other forms 
of weld quality evaluation were undertaken. 
3.6 INTERNAL PRESSURE TESTING'- 
3.6.1 Equipment 
Descriptions of the equipment used for internal 
pressure testing of the thermoplastics pipe systems is 
given below. Specific differences in apparatus is detailed 
under the appropriate test method section. 
(1) Testing Tanks. 
Four glass-reinforced plastic testing tanks supplied by 
Hepworth Industrial Plastics Limited were employed. Two 
tanks had the dimensions 1.8 x 1.2 x 1.2m and were fabric- 
ated in 160g GRP with two channel reinforcing iron bands. 
The tanks were used continuously to contain ordinary tap 
water at a'temperature of 80°C to obtain stress rupture 
and fatigue test results. The capacity of these tanks 
amounted to 2700 litres and were used to simultaneously 
test a maximum of fifteen of the smaller. diameter systems 
(60 and 63mm), examples of which are shown in Figure 3.11.. 
Two other tanks had dimensions 1.8 x 0.9 x 0.9m 
and were able to hold 1450 litres. Ten of the smaller 
diameter pipe systems were tested atone time in these 
tanks. 
Obviously a smaller number of the 160 and 180mm 
OD. systems were tested in the'tanks at any one time. 
A typical example of a 160mm OD. specimen based on a 
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900 equal tee is shown in Figure 3.12 . 
Only two of these specimens were conveniently 
pressure tested in the smaller tank whereas up to six 
straight pipe systems of the same diameter (Figure 3.12a 
and b) were pressurised in the large tanks. - 
The sides of all tanks were lagged with approximately 
10cm of, fibre insulation or with a similar thickness of 
expanded polystyrene. The tank bases were supported and 
also insulated by Tico rubberised anti-vibration pads. 
PE and PP heat retaining spheres were floated on the test 
fluid to prevent excess evaporation during elevated temper- 
ate testing. 
(ii) Fluid Circulation and Temperature Control. 
Thermostatically controlled heater/circulators manufactured 
by Grant Instruments and Churchill Fluid Heat were used to 
afford good fluid temperature control and at the same time 
circulate fluid around the test tanks to avoid any local- 
ised hot-spots. The circulators controlled temperature in 
the range -10°C to 90°C and kept the set temperature to 
within - 0.5°C even at the highest temperature of 80°C. 
A reference thermometer was used to calibrate 
temperatures in all test tanks to provide consistency of 
measurement. 
(The tap water in the Uxbridge area where all 
pressure tests were carried out ws fairly hard containing 
significant amounts of lime (calcium carbonate') which 
tended to coat the exposed surfaces of the pipe systems 
manifesting itself as a fine whitish film.. A similar 
effect was observed on the fracture surfaces. ) 
(iii) End"Closures. 
Two of the variety of available forms of end closing for 
the pipe systems were adopted and are illustrated in 
Figure 3.18, with a more detailed description in Table 3.7. 
The screw cap fittings.. were only used on the 60 
and 63mm OD pipe systems and are particularly easy, to 
handle when fitting to the pipe system. It was the only 
form of end-closing used for short term rupture testing. 
It does not, however, allow stub flanges and related 
welds to be tested. 
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TABLE 3.7 - End Closing Systems. 
60mm SDR 11 MDPE 1) Threaded ends 
63mm SDR 11 HDPE 1+2) Threaded ends 
63mm SDR 11 MDPE 2) Threaded ends 
System Comprises (a) Pipe thread, metric left hand, 
pitch of 2mm and depth 1.25mm. 
End squared, lmm lead in and 24mm 
of thread. 
(b) Plug, manufactured from poly- 
propylene, and seal ensured by 
rubber "0" rings. Orifices are 
provided on certain plugs to admit 
pressure and failure sensor probe. 
Plug length, 50mm. 
(c) Retaining cap, manufactured from 
either 70/30 brass or aluminium. 
160mm SDR 11 HDPE 1) Flanged ends 
180mm SDR 17 MDPE 2) Flanged ends 
System Comprises (A) Injection moulded flange mirror- 
plate butt-welded to the pipe 
system. Flange is as supplied 
by the manufacturer of the pipe. 
(B) Backing plate, manufactured from 
mild steel and coated with nylon 
to reduce corrosion. Figure 3.18 
shows in plan view only half the 
plate. A natural rubber gasket, 
placed between the flange and the 
backing plate, ensures a water 
tight seal. 
(C) Retaining rings, manufactured from 
mild steel and coated with nylon. 
3/8" nuts and bolts bind retaining 
ring and backing plate. 
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The advantages of using a split-ring bolted flange 
are firstly its relative cheapness, secondly systems 
containing stub flanges can be readily tested and thirdly, 
the pipe ends do not have to be threaded. To prevent 
corrosion the steel end plates and split-rings were 'coated 
with nylon. This type of flanged end fitting was found to 
be unsuitable for use in short term rupture testing since 
at pressures in excess of 3.5 MPa (>500 psi) the plates 
began to buckle breaking the seal. 
All internal pressure tests were conducted on speci- 
mens which were freely supported with uncontrained ends 
because of the difficulty ensuring that, at the elevated 
temperatures used, no end loads would be imposed on a pipe 
system with constrained ends. 
3.6.2 Short Term Rupture Testing 
Short term rupture (burst) tests were carried out 
in accordance with ASTM 1599-69 (68). The rate of pressure 
rise was adjusted to give failure within 60 to 90 seconds 
of the start of the test. 
The test rig used to effect this form of internal 
pressure test is shown in the lower half of Figure 3.19. 
It has a maximum pressure limit of approximately 17 MPa 
(2500 psi). 
During the test the specimen is pressurised 
hydraulically. 
Only one pipe system was tested at a time, failure 
being observed when the specimen undergoes catastrophic 
failure. 
Data was obtained over a range of temperatures and 
only on the smaller diameter pipe systems (60 and 63mm OD).. 
The short term rupture strength was calculated from the 
maximum pressure the system sustained prior to failure. 
3.6.3 Stress Rupture Testin 
Stress rupture tests were carried out in accordance 
with ASTM D1598-76 (59) by pressurising water filled systems 
with either compressed air or by employing a nitrogen 
cylinder with a regulator to provide a pressure to one side 
of a transfer barrier type hydraulic accumulator. The other 
side of which contained water which pressurised the'. test,: -, 
specimens. 
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A three-way solenoid valve was placed between the 
pressurising mechanism and the pipe systems which were 
immersed in the test tank filled with tap water at the 
desired temperature. 
The observation of a failure was facilitated by an 
electrical current detection technique which activated 
the three-way solenoid valve and terminated the test by 
relieving the pressure in the failed pipe system. 
A schematic presentation of the testing system for 
the generation of stress rupture data is shown in Figure 
3.20a. 
3.6.4 Fatigue Testing 
(i) Low Pressure [, 1.10 MPa(<160 psi)]Fatigue Tests. 
Low pressure fatigue tests on small and large diameter 
pipe systems were conducted at frequencies between 0.86 
and 7.5 cpm using a ramped square wave form of loading 
with a fixed period off load of six seconds. Compressed 
air top loading the water filled systems was-used to - "I 
provide the desired internal pressure up to a maximum of 
1.10 MPa (160 psi). The samples were, as for stress 
rupture testing, immersed in a water bath at the set 
temperature. A three-way solenoid valve, controlled by 
an electronic timer directed the compressed air to and 
from the systems under test; when failure occurred in a 
pips; sample the failure detection device activated the 
stop valve to isolate the system from the pressurising 
medium (see Figure 3.20b). At the next "time off" in 
the cycle, the three-way solenoid valve vented any excess 
pressure remaining in the pipe system. The failure 
detection device enabled fracture to be detected within 
one cycle of a crack breaking through a pipe system wall. 
For all the low pressure fatigue tests, the 
internal pressure was cycled between the set maximum 
and zero gauge pressure giving a stress ratio R (0 min/ 
Q max) of zero or at least close to it. The rate of 
pressure build up was constant for all frequencies of testing 
at any one set maximum pressure. For example, the rate of 
pressure build up for a maximum of 1 MPa was approximately 
1 MPa s-1. 
The total time under load for a given specimen was 
computed using the time when the pressure of the fluid with- 
in-the system had attained 9% of the set value. 
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(ii) High Pressure [>1.10 MPa (>160 psi)] 
Fatigue Tests. 
The hydraulic pulse/burst test rig for high pressure 
fatigue testing is schematically illustrated in the upper 
half of Figure 3.19. 
The system enabled tests to be carried out'in a 
temperature range 5°C to 80°C and to simultaneously test 
up to six small diameter pipe systems. Frequencies 
(assuming a time off load of six seconds) could again be 
varied between 0.86 and 7.5 cpm. Maximum internal pressures 
were up to 5 MPa (700 psi). 
The high pressures involved enabled failure to be 
detected by catastrophic pressure loss. 
3.6.5 Failure Detection System 
The upper half of Figure 3.20a shows a schematic 
representation of the failure detection device. Figure 3.21 
portrays the control modules in a racking system. 
,. 
The principle of operation relies on the fact that 
a pipe test specimen is filled with an electrically con- 
ductive fluid, which in this instance was tap water, with 
the pipe system itself being immersed in a bath of similar 
fluid. Electrodes were inserted internally and externally 
to the pipe system. The external electrode being connected 
to a positive bias -poltage derived from the amplifier power 
supply, thus sustaining a potential between both electrodes. 
When a crack propagates through the wall of the pipe 
system an electric current (of the order of microamps) 
flows between the external and internal electrodes. This 
signal current turns on the amplifier which is biased off 
with a small negative voltage. (The sensitivity of the 
device can be altered by*changing-the negative bias voltage. ) 
When the output from the amplifier becomes positive, the 
current driver is turned on which then operates a relay. 
This relay was fitted with a sufficient number of contacts 
to operate whatever control or indicating devices were 
required for. the pressure testing. 
For the purposes of the present work the relay, when 
activated because of failure, stopped a timer, isolated 
the failed system from the'compressed air and vented any", 
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excess pressure remaining. Visually, failure was indicated 
by a red warning light on the appropriate control module. 
3.6.6 Pressure/Time Testing-Profiles. 
Test pressures'were monitored by means of glycerine 
filled pressure gauges placed in the pressurising line 
before the pipe systems or by using a Pye Ether linear 
displacement transducer which drove a chart recorder, and 
showed the pressure profile applied to a specific test 
specimen., 
(i) Short Term Rupture Test. 
Typical pressure/time profiles for pipe systems subjected 
to rupture testing at two different temperatures are given 
in Figure 3.22. 
The test specimens were 63mm OD i{DPE 1 and 
failure was controlled in both cases to occur between 60 
and 90 seconds. 
(ii) Stress Rupture Test. 
The set pressure applied to pipe systems during the course 
of stress rupture tests was found to vary by less than 2%., 
(iii) Fatigue Test. 
Selected pressure profiles for low and high frequency 
fatigue tests on small diameter pipe systems are shown in 
Figures 3.23 and 3.24. 
The test frequencies and pressures were all chosen 
to simulate conditions likely to be encountered by 
thermoplastics pipelines and to avoid the possibility of 
temperature increase as a result of hysteretic heating. 
As mentioned previously, time under load was 
calculated using the time when the pressure of the fluid 
within the system had attained 95% of the set value. 
The number of cycles to failure were obtained 
, 
by dividing the time to failure by. the_cycle 
time or in the case of the higher pressure tests by 
reading from a cycle counter. 
3.6.7 Ageing Tests 
-Since all pipe systems were subjected 
to the 
effects of both internal pressure and elevated temper- 
control experiments were carried out to determine atures, 
the effect of the elevated temperature of the water 
bath 
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environment alone on the properties of the-pipe system 
materials. 
This involved cutting samples from pipes and 
immersing them in the same tank environment as the speci- 
mens-used in pressure testing. 
Property changes were subsequently investigated 
using DSC. 
3.7 FRACTURE SURFACE ANALYSIS 
All pipe systems which failed in a brittle manner 
were cut to isolate and reveal the fracture surface or 
surfaces. 
The objectives were to maintain a complete record 
of all fractures produced during testing, to enable measure- 
ments and analyses of surface: foatures to be effected and 
to use such data to identify fracture mechanisms. 
3.7.1 Light Microscony of Fracture Surfaces 
The surfaces were photographed using a Pentax 
camera with bellows attachment. Low angle illumination 
was employed to obtain sufficient contrast on the essentially 
flat specimens. 
The ratio.., L/h was determined on each fracture where 
h is the pipe wall thickness and L is the maximum extent 
of the brittle fracture along the pipe direction as shown 
in Figure 3.25. 
3.7.2 Scanning Electron Microscopy 
After being photographed using light microscopy 
specimens were subsequently coated using gold or gold/ 
palladium in a Polaron E5000 SEM coating unit. Care was 
taken to avoid local heating. 
The fracture surfaces were examined'by scanning 
electron microscopy (SEM) on a Cambridge Instruments 
Stereoscan Mark 2a and on a Cambridge Instruments Stereoscan 
600. 
In general, the accelerating voltage for the beam 
was set'at 20 or 25 kV. It was necessary, however, for 
this to be lowered for micrographs taken at magnifications 
in excess of 1000x. 
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Three features of the fracture surfaces, in part- 
icular. -were examined by SEM. Firstly, the shape, size 
and position (with respect to the inside wall of the pipe 
or pipe system) of any particle apparently initiating a 
fracture were ascertained. Secondly, the elemental 
composition of such particles was determined using energy 
dispersive x-ray analysis. Thirdly, details of the 
fracture surface remote from the initiation site were 
examined. The presence of possible surface striations 
from step-wise movement of the crack, the level of local 
microductility and any evidence of voiding and other 
inhomogeneities were investigated. 
3.7.3 Energy Dispersive X-Ray Analysis 
To determine the elemental composition of fracture 
surface inclusions or other substances present, a 
Cambridge Instruments Stereoscan 600 was used in con- 
junction with a Link System X-ray analyser. The beam 
voltage was set at 25 kV with a count time of 100 seconds. 
The count rate was adjusted, if possible, to be similar 
for each sample. 
The technique, generally referred to as energy 
dispersive analysis by x-rays (EDAX) is limited to 
detecting the presence of those elements whose atomic 
number is above that of oxygen. 
The data was normally obtained in terms of an 
x-ray spectrum, however other methods of presentation 
such as the photographic line scans and dot pictures 
were also utilised. 
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CHAPTER 4- RESULTS 
SMALL DIAMETER PIPE AND WELDED PIPE SYSTEMS 
(60mm and 63mm OD/SDR 11) 
4.1 
4.1 RESULTS - PRESENTATION AND ANALYSIS 
The research programme concentrated mainly upon 
obtaining data from HDPE 1 and 2 pipe systems. Such 
information was used as a reference with which other 
materials and system designs could be usefully compared. 
In detail the results can be divided into three 
main areas: -- 
a. Small diameter (60 and 63mm OD) SDR 11 pipes 
extruded from two HDPE and two MDPE resins were 
tested mainly at 80°C (plus lower temperatures 
for the short term rupture tests) under various 
forms of internal pressure loadings. In fatigue 
tests pressure was cycled between a set maximum 
and zero gauge pressure using a ramped "square 
wave" loading with frequencies in the range 
0.8 to 7.5 cpm (0.014 to 0.125 Hz). The strength 
and lifetimes of the pipes were recorded for the 
various internal pressures and loading profiles 
employed. 
Selected pipe systems containing a butt-welded 
joint were also subjected to the above test 
programme using the same batches of pipe. 
b. The fracture surfaces of failed pipe and welded 
pipe'systems were examined in detail. Photographs 
of all surfaces were taken to characterise macro- 
structure while scanning electron microscopy was 
used to examine both the fine detail of fracture 
surfaces and any particles initiating such fractures. 
Energy dispersive x-ray analysis was utilised to 
characterise the elemental nature of these 
initiating particles. 
c. Crystallinities and melting point variations induced 
by pressure testing the pipe materials at elevated 
temperatures, '-for selected failed pipes, were 
investigated, using differential scanning calor- 
imetry. Controlled ageing tests were also carried 
out where samples of pipe material were immersed in 
a water bath and held at the elevated temperatures 
used during pressure testing. No external stresses 
were appled to these samples. 
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To describe the performance of the plastics pipes 
subjected to constant and fluctuating internal pressures 
three approaches were adopted. 
First, the concept of time under maximum load 
was utilised. For stress rupture testing this is simply 
ISRI while for fatigue the corresponding parameter is 
tFATIGUE' given by 
N Nf 
T FATIGUE 
(tmax)N (L'' 1} 
N=1 
where tmax is the time during each loading cycle when 
the'internal pressure is greater than 95% of the set 
maximum value and Nf is the number of cycles to failure. 
TFATIGUE may be termed the pseudo stress rupture life- 
time and is a concept previously utilised to allow 
comparisons to be made between stress rupture and 
fatigue data (9k). If TSR T FATIGUE at all frequencies, 
then for those testing conditions the plastics pipes 
exhibit-no substantial weakness under fatigue. If, 
however, TSR>}t FATIGUE' the reverse is true. 
Secondly, pipe performance was defined by the 
total testing time ITEST' Clearly for stress rupture 
testing, 'ESR = tTEST' For fatigue, 
N= Nf 
TTEST =z (tcycle)N (L.. 2) 
N=1. 
where tcycle is the time required for one complete 
loading cycle. Since tmax must be less than teyelet 
then T TEST 
>1 FATIGUE' for fatigue 
loading. 
In practice, it is 'TEST that is normally 
recorded for service failures rather than TFATIGUE' 
although the latter presents a more fundamental 
description of pipe performance. 
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Thirdly, the behaviour of plastics pipes under 
fatigue loading was determined by recording the number 
of cycles to failure. This approach necessarily 
precluded the meaningful presentation of any stress 
rupture data. Under these conditions as the frequency 
varies only the time under maximum load pt: r cycle, t max' 
alters. The rate of pressurisation and time off 
load are kept constant by using a trapezoidal shaped 
fatigue loading profile. 
To simplify data analysis, the mean values for 
1SR' T FATIGUE' T TEST 
(when applicable) and Nf 
are recorded in tabulated and graphical ; presentations. 
The distribution of lifetimes was assumed normal and 
the sample standard deviation calculated and inserted 
to indicate the spread in the values of lifetimes. 
It is understood that for much larger sample numbers 
the distribution of stress rupture lifetimes for HDPE 
pipes has been shown to be logarithmic - normal (74). 
The mean and standard deviation approach to 
presenting internal pressure test results is also 
applied to pipe systems containing injection moulded 
fittings and were appropriate to the large diameter 
pipe results. 
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4.2 MECHANICAL PERFORMANCE OF PIPE AND MELDED PIPE 
SYSTEMS 
4.2.1 Tensile and Short Term Rupture Tests 
Tensile tests were used to determine the quality 
of the pine material and butt-welds with and without 
weld beads. Typical stress/strain curves are plotted 
in Figures 4.1 and 4.12. Mean values of stresses and 
strains and their standard deviations along with short 
term weld factors are detailed in Table 4.1. 
The welding conditions used throughout the mech- 
anical testing programme were as recommended by individual 
manufacturers and. the results of Table 4.1 indicate that 
in the short term at least these conditions are correct 
and also validate weld quality. 
Table 4.2 identifies the short term rupture strengths 
(maximum sustained hoop stress) of pipes and welded pipe 
systems produced from materials HDPE 1 and 2 and MDPE 1 
at various temperatures. Figures 4.13 and 4.14 show 
the variation of maximum hoop stress as a function of 
temperature for pipes and welded pipe systems fabricated 
from HDPE 1 and 2 respectively. 
Figure 4.15 indicates, for HDPE 1 SDR 11 63mm OD 
pipes, the effect of increasing test specimen length 
upon the maximum sustainable hoop stress obtained during 
the short term rupture test. The curve shows the need 
for consistency in pipe lengths used during this test 
since short term mechanical properties can be affected 
to a significant degree by such dimensional variations. 
For all materials at all the temperatures examined, 
failures were of a ductile nature with the site of 
rupture in the welded pipe specimens lying remotely 
from the mirror-plate butt-welds. The short term 
rupture strengths were also apparently insensitive 
to the presence of a butt-weld in any of the materials 
investigated. 
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TA3?? 4.1 - Tensile Zest Results at 2? 
0-'. 
PARENT LDED W'LDED 3FECIMEN WITH 
MATERIAL ETECIüZit BEAD p'ACHI1_D OFF 
OD YIELD t... AN STRAIN YIELD 
1 STRAIN öäW3_ TERM YIELD STRAIN SHORT TERM 
MATERIAL SDR STRESS AT FAILURE. STRESS 'z: FAILURE. W_LD STRESS AT FAILURE VELD 
(FL°a) (: ) (td°a) fm FA 2.4 (:? a ) FACTOR 
22.88 >365 22.48 289 22.35 192 
HOFE 1 63 11 10.83 (No failures) -0.37 
+18 0.93 ±0.21 199, 0.98 
20.96 >365 22.03 ? 39 21.98 203 
}D? 2 . 
63 11 + 
-0.36 (No failures) 
+ 
-0.19 
+ 
-18 
1"`5 + 
-0.31 
+ 
-31 
1.04 
19.11 >500 20.09 263 19.92 >500 
MDPE 1 60 11 + 
-0.18 (No failures) 
+ 
-0.47 '±27 
1.0= ±0.11 (No failures) 
1.03 
19.02 >500 20.06 238 19.11 >500 
L9? E 241 
1 
63 11 
-0.42 (No failures) 
+ 
-0.18 -41 
1. C_ + 
-0.74 (NoZ lures) 
1.00 
Notes " 1) Carried out on a Z. J. Lloyd ? ensile Testing i'achine. 
2) At least five sa==les were tested a; any one condition. 
TABLY 4.2 Short Term Rupture Strengt:: o° Pipe mx: e1: e: Tir. e Systems 
(60 and 63m,. _: 
'. >DR 11) 
20°; 40°; 60°'. 800; 
MATERIAL SYSTEid mwxI.,.. ux HOOF --: AxIMUm 
CC? 
STRESS J': Pa STRESS ? 
: XIMIN HOOT 
TRESS ? YPa 
I. A'{IMU'd HOOP 
STRESS 
HDPE 1 
PIPE 25.67 ; 0.05 t2:. 76 0.25 13.95 * 0.30 9.66 ` 0.39 
WELD£D PIFF 27.02 ± 0.15 x: 9.52 ± 0.2C ? 3.70 
± 0.19 1C. 21 0.49 
PIPE 26.97 = 0.49 26.66 *= 0.393 15. =8 1 0.30 9.81 = 0.64 
HDPE 2 
W! LDED PIPE 26.38 ± 0.20 E1^;. 997 ± c. --= 1-. 99 - 0.61 10.21 
± 0.30 
bIDPE 1 PIPE 24.60 - 1.03 - 
(" 
- - 
Notes 1) At least three srecinens of eazh materza: an! -stem ty-e were tested 
at each condition. 
2) All failures were ductile e. occurred =z t_kIE pine sections. 
No butt-weld failures were :: served. 
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A typical short term rupture test failure (ductile) 
is shown in Figure 4.16. (Pressure profiles for such 
tests were given in Chapter 3. ) 
A further series of tests were carried out to 
compare tensile and short term rupture testing directly 
on HDPE 1 pipe material. 
The tensile tests were conducted such that the yield, 
stress of the material was attained between-60 and 90 
seconds so that conditions previously employed in the 
short term rupture test were approximately duplicated. 
In spite of the fact that the tensile test is 
uniaxial in nature whereas the rupture test is biaxial, 
reasonable correlation was obtained between the maximum hoop 
stresses attained by rupture test specimens and the yield. ' 
stresses observed in HDPE 1 at 20 
± 1°C. For five tensile 
bars the average yield stress was found to be 22.8 8 
±0.83 T4Pa and the maximum hoop stress for five pipes 
was 26.67 
±0.05 MPa. 
This indicates that tensile tests can be used to 
predict short term rupture test properties, with fairly, 
close agreement, -much more cheaply. 
in terms of material 
costs. 
4.2.2 Stress Rupture and Fatigue Tests 
(i) Position and Description of BNittle 
Failure Sites. 
Figure 4.17 is a schematic representation of pipe and 
welded pipes indicating the typical sites of brittle 
failure observed during the stress rupture and fatigue 
testing programme. For ease. of reference the pipe system 
is designated P and the welded sample referred to by P/P. 
The failure at a butt-weld in the welded pipe system is 
then termed site P/P2. 
Site Pl (and P/P1) - Fractures at these positions 
are cracks approximately five millimetres long lying 
parallel to the pipe extrusion direction. Due 
to their 
small size'a fracture of this sort is particularly 
difficult to observe on the pipe surface. So Figure 
4.18 
shows schematically the fracture orientation and 
its 
appearance within the pipe wall. 
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Site P/P2 Type 1 (HDPE 1 and 2) -A crack lying 
parallel to the pipe extrusion direction which runs 
across the butt-weld. Again such a failure is almost 
impossible to observe since the actual point of failure 
is often hidden beneath the weld bead. Figure 4.19- 
sketches this longitudinal butt-weld failure. 
Site P/P2 Tyne 2 (HOPE 1 and MOPE 1) -A butt-weld 
failure in these materials can initiate at the notch 
formed between the inside surface of the pipe and the 
weld bead (or occasionally at the notch formed between 
the beads at the weld interface). The crack does not 
then propagate across the weld parallel to the pipe 
extrusion direction but rather opens up at or near the 
weld interface in a circumferential direction. Figure 
4.19 -depicts this type of 
fracture schematically. 
HDPE 1 divided its butt-weld failures (which were 
in the minority compared with straight pipe fractures) 
between sites P/P2 types 1 and 2 roughly equally, 
whereas the type 2 failure mode was the only form 
observed in tIIPE 1. 
(No MDPE 2 butt-welded systems were tested 
during the experimental period. ) 
On a practical note, as mentioned in the experi- 
mental techniques section the method of crack detection 
was so sensitive as to be able to detect a fracture almost 
immediately it had broken through the pipe wall. This 
necessarily resulted in a particularly small fracture 
which was identified on the pipe surface by the position 
of a fine spray of water produced when the pipe specimen 
was re-pressurised outside the testing tank. 
(ii) Pipe System Results. (60 and 63mm OD/SDR 11) 
For all four types of small diameter PE pipes the influence 
of frequency of loading on performance is demonstrated in 
Figures 4.20 and 4.21. The variation of time under maximum 
load ( 'LSR and 'FATIGUE depending on the type of test) 
with increasing frequency is presented in Figure 4.20. 
The stress rupture lifetime is included on the zero 
frequency axis. All pipe failures for the data in 
4.8 
Figure 4.20 were brittle, occurred at a distance greater 
than one pipe diameter from the end closures, and lay 
parallel to the-pipe extrusion direction. Increasing 
the frequency of loading by reducing tmax in all cases 
reduced ZFATIGUE below TSR" However, only for HDPE 2 
was ZFATIGUE reduced substantially to indicatea potential 
fatigue weakness. 
For a pipe which does not exhibit a marked fatigue 
weakness, testing under fatigue prolongs the time to test 
substantially, a result of the time off load. If, however, 
the pipe is weak under fatigue then the value of ZTEST 
can be reduced to below that of 'CSR, depending upon the 
time spent unloaded. This latter case was observed for 
HDPE 2 pipes. 
Figure 4.21 indicates that as frequency was 
increased, the number of cycles to failure for HDPE 1 
and MDPE 1 increased markedly. This behaviour is expected 
from results presented in Figure 4.20, where TFATIGUE 
is of the same order as 'CSR, so that by reducing tmax 
(that is increasing the fatigue frequency) Nf must be 
increased. The same relationship was. not confirmed for 
HDPE 2 or MDPE 2 pipes since only one fatigue test was 
undertaken due to the protracted testing time. 
rigure 4.22 ccmpares the pseudo stress rupture 
curves for HDPE 1 material at various frequencies. 
The fact that only two data points per curve are 
available indicates that care should be exercised 
when interpreting these results. However, a general 
trend is apparent that is with increasing frequency 
of loading the pseudo stress rupture plots move to 
the left (lifetimes are reduced). Included in the 
figure is the manufacturer's stress rupture curve 
for HDPE 1 straight pipe. 
(iii) Welded Pipe System Results (60 and 63mm 
OD/SDR 11). 
A limited number of stress rupture and fatigue tests 
were conducted on welded pipe systems (P/P) fabricated 
from HDPE 1 and 2 and MDPE 1 materials with the 
4.9 
following results; 
Material Number of P/P Samples Number of Number of 
Tested Under All P/P Type 1 P/P Type 2 
Conditions Failures Failures 
HDPE 1 18 2 2 
HDPE 2 2 0 0 
NIDPE 1 4 0 4 
TSR and ZFATIGUTE values for HDPE 1 and MDPE 1 welded 
pipes are presented in Figure 4.23, also included are 
the curves generated for stress rupture and fatigue 
testing straight pipet as presented in Figure 4.20. 
In spite of using optimum welding conditions for HDPE 1 
and MDPE 1, the butt-welded joint made between two pipe 
sections was found to be a source of fracture when 
subjected to either static or fluctuating internal 
pressure, with TdIDPE 1 exhibiting a pronounced reduction 
in measured lifetimes. 
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4.3 STRUCTURAL AND FRACTURE SURFACE ANALYSIS 
4.3.1 Microtomy 
-Typical microstructures observed in the PE materials 
used during the course of this research programme are given 
in Figures 4.24 to 4.27. All were obtained from- thin 
sections taken from pipes or welded pipes using a sledge 
or glass knife microtome and viewed between crossed polars 
by means of transmitted light. The very fine spherulitic 
structure coupled with the presence of significant amounts 
of pigments in all materials reduced the quality of the 
structural information available and only relatively large 
scale variations, such as those observed at butt-welds 
could be viewed with clarity. Examples of the features 
observed at butt-welds are shown in Figure 4.28. 
Examples of the appearance of surfaces obtained when 
a bulk specimen is prepared using a sledge microtome 
fitted with a relatively blunt steel blade are given in 
Figures 4.29 and 4.30. The position and extent of the 
stress whitening are considered to reflect morphological 
variations through a pipe wall which can be indicative of 
poor mechanical performance. 
4.3.2 Macroscopic Features of Fracture Surfaces 
(i) Pipe Systems. 
Figures 4.31 and 4.32 portray the fracture surface appear- 
ances of pipes which have failed due to the application of 
static and fluctuating internal pressures. They illustrate 
the overall features common to and characteristic of both 
loading modes and the different PE pipe materials. 
The imposed mode of loading can be seen to have a 
significant effect upon the general appearance of the 
fracture surface. Fatigue failures indicated that the 
fracture tended to propagate preferentially along the pipe 
axis as'shown in Figure 4.32. The influence of the loading 
frequency on the shape of the surface features is illus- 
trated in Figure 4.33 where L is the maximum distance the 
crack propagated along a pipe of wall thickness h (see 
Figure 3.25). The ratio of L/h increased with increasing 
frequency for all systems. 
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This method of characterising the brittle fracture 
surface obtained in straight pipes would be particularly 
useful in a failure analysis. It is possible to differ- 
entiate between static and fatigue loads and it would 
also be possible, in the latter case, to provide an 
estimate of the loading frequency. 
Comparison of the micrographs in Figures. 4.31 and 
4.32 also clearly shows that the fracture surface shape 
is not semi-circular but rather more elliptical in 
appearance with the crack front being essentially pinned 
on the inside wall of the pipes, while at the same time, 
under fatigue, the crack can grow along the pipe axis. 
For this size of pipe with wall thicknesses of about 5mm 
the final progress of the fracture just before it breaks 
through the pipe wall, a distance of about lmm, is usually 
characterised by gross yielding and nacroductility or at 
least a distinct change in the mode of fracture. 
Fatigue striations are generally considered to be 
a characteristic of fluctuating loads, however low magni- 
fication stereo light microscopy of HDPE 1 and b'IDPE 1 
pipe fracture surfaces revealed no such markings. There 
was clear evidence f. or the large scale striations often 
referred to as "discontinuous growth bands" (94) on the 
fracture surfaces of HDPE 2 and MDPE 2 pipes. It is 
interesting to note that the discontinuous growth bands 
(DGB's) can be seen on HDPE 2 pipes subjected to both 
stress rupture and fatigue conditions, Figure 4.31; the 
use of the term "fatigue striations" would be inaccurate, 
therefore, when describing the stress rupture fractures. 
For all pipe materials but only on certain fracture surfaces, 
Figure 4.34, there was evidence of the extrusion process 
used for pipe manufacture. Lines running parallel with 
the extrusion direction were'discernible for both stress 
rupture and fatigue testing. In addition multi-plane 
crack propagation was in evidence on certain surfaces 
leaving lines or steps emanating in a radial direction 
from the source of fracture, that is lying perpendicular 
to the crack front. 
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The site of fracture initiation appeared to be 
material and loading mode specific. In HDPE 1 and 2 
pipes, under both types of pressure test and in MDPE 2 
under fatigue loading only, failure initiated at or near 
the inside wall of the pipe, Figures 4.31 and 4.32. 
The few exceptions to this rule occurred when the 
pipe fracture was initiated by large or fibrous 
inclusions lying towards the centre of the'pipe wall. 
For MDPE 1 the evidence indicated that failure 
was more likely to occur from a site towards the middle 
of the pipe wall, again see Figures 4.31 and 4.32. 
(ii) fielded Pipe Systems. 
Of those butt-welded pipe materials testedo failures at 
joints were observed in HDPE 1 and MDPE 1 only. 
Examples of the longitudinal weld failures 
observed in HDPE 1 are shown in Figure 4.35" Whether 
tested under stress rupture or fatigue conditions there 
was a general lack of DGB's on HDPE 1 crack surfaces. 
The weld interfaces and heat affected zones were well 
defined, however, along with, in some cases, evidence 
of the extrusion flow lines. 
(Note: - HDPE 2 shows distinct DGB's on the very limited 
number of butt-weld failures obtained from static and 
fatigue loaded tests, but all these occurred at pipe/ 
fitting welds. ) 
In most cases fracture initiation was associated 
with the notch formed between the bead and the internal 
wall of the pipe. 
Little structural information could be elicited 
from the appearance of fractures of a circumferential 
nature as can be seen from Figure 4.36. Fractures of 
this sort are generally indicative of poor mixing of 
the molten material at a weld interface. 
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1.3.3 Microscovic Features of Fracture Surfaces 
Fracture surfaces from all pipe systems stress 
rupture and fatigue tested have been examined in some detail. 
A variety of fracture modes have been observed 
at higher magnifications but in general only two 
predominate. Figures 4.37 and 4.38 indicate clearly 
the typicalfracture surfaces observed on pipes subjected 
to static and fatigue loads respectively. These micro- 
graphs were obtained using SEM and clearly show the 
initiation of fracture and the variation in micro- 
ductility across the surface. The presence of considerable 
local drawing and ductility was apparently insensitive 
to the form of loading. Such fractures have been termed 
"quasi-brittle" by Flueler et al (12? ) and are indicative 
of slow stable crack growth. The large number of strands 
or fibrils of material (usually highly oriented), result 
from the formation of a craze which necessarily involves 
large amounts of plastic yielding whereas truly brittle 
cracking does not. Hence the'term "quasi-brittle". 
The holes or voids which are surrounded by the yielded 
fibrils exhibit diameters usually in the range 5- 20 pm 
although this becomes more difficult to estimate as the 
craze grows since fibrillation increases and tends to 
hide underlying features. Towards the outer surface of 
the pipe the mode of fracture alters and in some cases 
gross yielding and uacroductility is observed, Figure 
4.39. 
(On a very few samples the fracture surfaces have 
exhibited flat, irregular features with no ductility 
or drawing observable up to 2000x. magnification. 
These regions begin at the initiation site and continue 
right across the pipe wall. Normally such features would 
result from fast crack growth. As yet there is no obvious 
pattern to the occurrence of such fractures and they are 
considered exceptions-to the normally observed failure 
modes. ) 
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Evidence for fine straitions (not DGB's) due to 
the step-by-step propagation of the fracture in both 
loading modes was also sought. 
Figures 4.37 and 4.38 indicate clearly that the 
presence of fine striations was not obvious. In fact 
none were found on any material whether stress rupture 
or fatigue tested. This included SEM examination up 
to magnifications of'3000x.. Only in the last progress 
of the crack did anything resembling fine striations 
appear, Figure 4.40. ' 
For those materials which exhibited distinct DGB's, 
HDPE 2 and MDPE 2, their typical fracture surfaces are 
shown in Figure 4.41. Again the variation in micro- 
ductility is apparent particularly at DGB's. 
4.3.4 Elemental and Geometrical Analysis of Crack 
Initiation Sites 
(i) HDPE 1. 
Examination by SEM of the fracture surfaces of stress 
rupture and fatigue tested HDPE 1 pipes revealed over 95% 
of failures initiated from observable. particles. Examples 
of such crack initiators are shown in Figure 4.42. No 
failures were found to begin at macrovoids such as those 
observed in the larger diameter pipes to be discussed in 
a later chapter. 
The particles were geometrically characterised by 
measuring their maximum dimension parallel to the fracture 
plane. The size distribution of the particles is plotted 
on a histogram chart in Figure 4.43. It is evident that 
the majority of particles initiating failure lie in the 
range 50 pm to 350 pm. The position of these -particles 
lay predominantly within 20.0µm of the inside wall of the 
pipe. Figure 4.44. The distances measured for Figure 4.44 
relate to the approximate centre of area of each particle 
as projected onto the fracture plane. 
To determine the elemental composition of these 
crack initiators energy dispersive x-ray analysis was 
employed. For each fracture surface examined an x-ray 
spectrum was obtained for the site of initiation and in 
a position remote from this area. The peaks due to 
palladium and gold are"from the alloy used to coat some of-the 
non-conducting plastic specimens. 
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Three main types of particle were encountered 
namely metallic, calcium rich and those particles for 
which the energy dispersive technique was unable to 
detect any elements except the Au and Pd of the coating 
alloy. This implies that the elements composing these 
latter particles will have atomic numbers less than 
sixteen (that is, elements such as oxygen, nitrogen 
and more particularly carbon will not be observed). 
It would be necessary to use wavelength dispersive 
x-ray analyses to detect such elements.. 
Typical spectra of the three particle types are 
presented in Figures 4.45 to: 4.47. 
A fourth type of initiating particle of a distinctly 
fibrous nature was also observed but only rarely. Only 
two specimens in near]ythirty HDPE 1 pipe failures were 
found. Figure 4.48 indicates that there is a strong 
chlorine peak in its x-ray spectrum which possibly suggests 
the fibre is paper, since chlorinated bleaching agents 
are used to whiten certain papers. Figure 4.49 is a 
more detailed view of this fibrous initiating particle. 
The geometry of-the initiating particles is 
apparently related to elemental composition, with the 
more angular examples lying in the "no elements detected" 
category whilst calcium rich initiators tend to be 
fragmented groups of small crystalline polyhedrons. 
Metallic particles are found in various shapes and sizes 
but tend to be stainless steel. 
The elemental distribution of all the HDPE 1 
particles is drawn up in Figure 4.50. Calcium and iron 
are found to predominate. 
(ii) HDPE 2 
Identical analyses were carried out for failures obtained 
in HDPE 2 pipes. Particle size distribution is presented 
in Figure 4.51. Their position with respect to the 
inside wall of the pipe is detailed in Figure 4.52 
and shows that as for HDPE 1 most particles lay very 
close to the inside pipe wall. The particles were either 
metallic or contained mainly calcium. Evidence for this 
is provided in Figures 4.53 and 4.54. 
-Elemental distribution is given in Figure 4.55. 
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(iii) MDPE 1 
A greater proportion of initiating:, particles in IyDPE 1 
were found towards the centre of the pipe wall and were 
generally larger than those found closer to the inside 
surface of the pipes. 
The majority of particles were titanium rich 
possibly indicative -bf a'titanium based additive 
used during .? processing.. 
The results of particle size distribution, particle 
position, elemental compositions and distributions are 
summarised in Figures 4.56 to'. 4.60. 
(iv) MDPE 2 
Although particles were found to initiate cracks in pipes 
in this material, a detailed analysis of their geometry 
could not be made due to the relatively small number of 
available specimens. Results are therefore recorded in 
Figures 4.56 and 4.58 alongside those obtained for MDPE 1. 
Elemental compositions and particle micrographs are shown 
in Figures 4.61 and 4.62. 
4.4 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC thermograms were employed to identify the 
effect of elevated temperature testing on the structure 
of the material comprising the pipe. Two series of tests 
were undertaken; ire the first the samples were obtained as 
defined in Section 3.3.3 from the failed pipe while in 
the second series virgin samples of the same pipe were 
simply left in the water bath for various times (see 
Section 3.6.7). In the latter tests the material was 
not subjected to any stress other than body stresses. 
The-peak melting point, Figure 4.63, and DSC nominal 
crystallinity, Figure 4.64, of both types of sample for 
HDPE 1 and 2 were recorded and are plotted as a function 
of testing time. Testing time, for fatigue loaded pipe 
samples, includes the times when pressure was not applied 
and is not therefore equivalent to the pseudo stress 
rupture lifetime TFATIGUE (see equation 4.1). 
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From Figures 4.63 and 4.64 both peak melting 
temperature and crystallinity increase with testing time 
for 80°C testing temperatures. In addition it appears 
that the imposition of a stress further accelerates the 
changes in these material properties. Both structural 
parameters appear to stabilise after certain ageing times 
for both HDPE 1 and 2 and in all DSC thermograms obtained 
only one peak in the melting curve was observed. 
1. 
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FEURE 4.1 FIGURE 4.2 FIGURL 4.3 
HDFE 1 Pine material HDFE 1 butt-welded Aire material HOPE 1 butt-welded . rite 
25 material with the bead 
machined off. 
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FIGURE 4.4 FIGURE 4.5 FIGURE 4.6 
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25 material with the bead 
machined off. 
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FIGURES 4.1 - 4.12 Typical tensile stress/strain curves 
for all four FE pipe materials. 
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FIGURE 4.15 Effect of pipe sample length on the 
maximum pressure sustained by a short 
term rupture test specimen. 
(63mm OD SDR 11 HDPE 1 pipes at 20°C) 
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FIGUR: 4.16 Ductile failure in an SPE 1 pipe. 
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FIGURE 4.17a Schematic representation of observed 
brittle fracture sites in 60 and 63mm 
OD SDR 11 PE pipes. 
P/P1 P/P2 Type 1 
Longitudinal fracture / 
across a butt-weld. 
P/P2 Type ,2 
Circumferential separation at or near 
a butt-weld. interface. 
FIGURE 4.17b Schematic representation of observed 
brittle fracture sites in 60. and; 63mm 
OD SDR llbutt-welded PE pipes. - 
P1 
(also P/P1, Ti, B1) 
FIGURE 4.18 Schematic representation of observed brittle 
fractures in 60 and 63mm OD SDR 11 PE pipes. 
r 
P/P2 Type 1 
Longitudinal brittle 
fracture across a butt- 
weld. 
P/P2 Type 2 
Circumferential separation at or 
near a butt-weld. 
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FIGURE 4.19 Schematic representation of-observed brittle 
fractures ' in 60 `and '63mm OD SDR 11 ° butt-welded . _. FE pipes 
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FIGUR:: 4.24 Thin section microstructure of the 
middle of an HDP, 1 pipe wall 
(63mmm OD SDR 11) 
FIGUR; 4.25 Thin section microstructure of the 
middle of an HD_= 2 pipe ; gall 
(63mm OD SDR 11). 
FIGUR. 4.26 Thin section microstructure of the 
middle of an MDPE 1 pipe wall 
(60m OD SDR 11). 
gIGURI ! x, 27 Thin section microstructure of the 
middle of an MD='E 2 pine wall 
(6 mm OD 3DR 11). 
FIGURE 4.28 
, ýücrostructure 
of an I; IDFE 1 
Rifle to eire 
butt-weld as 
viewed by 
transmitted 
light between 
crossed po1ars 
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FIGUR..: 4.29 
y' 
2mm 
Surface of an HD' 1 butt-weld 
prepared using a sledge nicrotone. 
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FIGURE Iý. 0 Surface of an HDP: E 
1 butt-weld 
prepared using a sledge microtome. 
I 
PTGTJRE 14.2ýw 
ýrit v1 e 
fracture surface 
. )f an l= -E 
1 'eire 
vb1ected to a static 
eternal -pressure 
; tress rupture) . 
Juo 
" 93 Ma ip° hoop stress 
r1rý CD CDR 71 P-11-re 
2mm 
: 'IGü 4.51-b 
: Tittle fracture surface 
(, i an I-iDPE 2 pipe 
: subjected to static 
eternal pressure 
'. tress rupture). 
0°C 
.9?! Pa ni. r. e hoorr stress 
2mm 
FIGURE 4.31c Brittle fracture surface of an IDPE 1 pipe 
subjected to a static internal pressure 
(stress rupture). 
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FIGUR 4.32d , 'xamDles of brittle fractures 
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FIGURE 4.33 Variation of L/h with frequency for 60, 
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FIG U? w 4.34 Flow lines on an HDPE 1 pire fracture 
associated with the extrusion nroces:. 
FIGURE 4.35 Examples of nine to pipe (? /P Type 1) 
butt-weld fractures in HDPE 1 pipe 
systems. 
5mm 
FIGURE 4.36a Circumferential butt-weld fracture 
(p/p Type 2) in an HDPE 1 pipe system. 
The path of the fracture is associated 
with the line drawn between the notches 
formed by the beads and the pipe surfaces. 
(Only P/p Type 2 butt-weld fractures were 
observed in MDPE 1 welded pipe systems. ) 
F'11UR 4.3 b Fracture surface oL1^. 1X'Cu . li'; ! 'c n 
iai 
butt-weld failure (t /P Tys-)o 2) in an 
HOPE 1 pile system. 
FIGURE 4.37a 
High magnification 
micrograph of a 
typical HDPE 1 pipe 
fracture surface 
obtained under stress 
rupture conditions. 
8000 
4.93 MPa pipe hoop 
stress 
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FIGURE 4.37b 
High magnification 
micrograph of a typical 
HDPE 2 pipe fracture 
surface obtained under 
stress rupture conditions. 
800C 
4.93 MPa pipe hoop stress 
The crack initiation 
particle is clearly seen 
towards the middle of the 
pipe wall. 
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High magnification 
micrograph of a typical 
NDPE 1 pipe fracture 
surface obtained under 
stress rupture conditions. 
800C 
3.00 NPa pipe hoop stress 
The crack initiation 
particle is clearly seen 
towards the middle of the 
pipe wall. 
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FIGURE L. 383 . 
High magnification -micrograph 
a typical HD, "1 pipe 
fracture surface obtained 
i. mder fatigue conditions. 
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4.9") MPa maximum pipe hoop 
stress 
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Pipe Bore 
FIGURE L. 38b 
High magnification 
micrograph of a ty-)icai. 
o, 7DPE 1 Ripe fracture 
surface obtained under 
fatigue conditions. 
80°C 
3.00 ^; IFa ma imum pipe 
hoop stress 
7.5 c p: m 
Pine Bore 
r 
t'ý,, ý. ,;, ý a.; ýý: 
FZGU?. ' 4.39 Tearing and macroductility in the 
final progress of an ILD ie 
fatigue fracture. 
FI ÜRI F. '-ati ue striations n the final 
-oro=; ross of an H-D'OE of ne fat; ue 
frac tu: e . 
FIGURE 4.! ßl 
High magnification 
micrograph of a typical 
HDF 2 pine fracture 
obtained under fatigue 
conditions. 
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bands are clearly in 
evidence. 
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Pain constituents - Fe, Cr, Ni (stainless steel) (see Figure 4-45) 
FIC URL, Lk. L2a ExamDl es of metallic crack initiating 
rarticles in HOPE l pipes. 
FIGURE 4.42b Example of a calcium rich crack 
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pipe. (See Figure 4.46) 
(See Figure 4.47) 
FIGUR.. L,. 42c Examples of crack initiating particles 
in HDPE 1 pipes. No elements were 
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FIsU? 4. L-2c Example of a crack initiating particle in an 1 ripe . No elements were detected using the EDA technique. 
V1 
0m 
0 
0 
0 
O 
o 
+3 
z -H 
Cd un 
r` ö 
o 
CO s. 4 -P " 
"r4 r-I U +' H 
ti 
s-ý a> 
O fy 
aH 
ö 
vý 
"d a om 
a) r 
r +' w 
. 0.4 d b 0) 
+3 Cl) N 
O (1) "ri ri 
'fl bO in . ri 
ý4 Cd 
cd zLT4 v 
v r{ 
w Cl) 
OEQ 
'o r-1 C) 
Cl) 
to 4-4 
OO 
rý "ý cd a V2,44 : s- boº-I 0 a +3 r4 
C) H "rq 
q 
Nxx 
x r. ý o 
o ,* 
c5 H 
Ow. 
0 
sadtd j -ý7, dQH ut sa. znTc-e,; jo . zagnmu 
v 0) 
0 
O . rl 
"r4 LA 
O O 
r-I 
"r{ tß. 1 
4-I O 
0 
r-{ O H 
$4 cd 
a) Ci U 'CJ 
"11 
O ti 
4 
O 
a a) " 
"rI a co a ", -I Q) PIPI 4-1 H 
o w PI 
4) +PH 
U 
Öw 
4-i 
O 
O 
G) O "ri 
'd C) 
"ý rO 
it 4" 
"ri U) 4- 
.vIU E 'd RS O 
P 
$4 
4-i 4-1 
4-i 0 
0 
n) E+' 
4D 0 
4-2 O . ri 
v1 +ý b 
"r1 fA Cd 
"IiO 
x "-i 
ü 
H 
W 
rI rI 
sadzd Z aawi ut sa. znrreJ Jo . zagwnu 
C. I! Ný 11 DI SE Kb SM II MO ft PD co S. TI .1 SP CL MD &/ Of J' P1 Y6 Mw OS PT__ t 
N. CO GY G4 Icy Ia Pp Y M4 IC IW IR It E6 1 Cb L" VI Mr .. 
EH. TM L/ Ti RI i ! LL 
----. - _I _--- 
; 
-- - -" ------ - Spectrum Taken Remote _ Au ommInitiaticri Site, i. _. -. 
. 
-- ---- - 
Alm 
1 Pd ý Y_ 
t 
-Ca 
or nr' NA NG u s. rs cl "" ct ac r 
Energy 
CF fk Mý T« 6f If KK St i11 MO KI K0 CC IS It if W Cf wW 0[ Oi i4 P. .Vt. w, 
r. y ". " ke ý_ p "M: CU CU Ol KM 
K6 r Ot 1C OK Mi M to I CC LA CT CV El 
t-a-i Spectrum Taken at 
-_- - -{ --Initiation-Site _ 
I 
F ---.. Au .. -- 
e r -- -- 1-j- 
I .: 
I Pd Cr , ---- ---- ---Au 
j 
--- 
i } - Fe 
C" M( MA MC Al Si Pi CL " 1l CA K .. V 
L" MA !tý 
'a, 
CC I. 
4' 
C. 
Energy 
FIGURE 4.45' Energy dispersive x-ray spectra of a metallic crack 
initiating particle in HDPE V. 63mm OD SDR 11 ý pipe. 
Sý6a~ R: 
ca re " en ýý Lr "a sa =ý nq K r4 co SW r[ to Mt rt pt Ctm Dr' eR re w ýy py R MS 
+.. co tt ca ". p. ne . ws rc r. "a ro ss cs u. .a .Nn *e ýc. rM e rn q0 .u 
; Spectrum Taken Remote-- 
ram-Initiation-Sit Au 
1 pd __ f1ir 
O1 Mf 1* M6 ýt Mf Cl "F fA 6C "I Y C. Ike. tf CO Mý CU iN W C( 
Energy 
CO It M E% 01 Ef In $5 Zr MO NO ýD LD 6h TE %E 1a Ot ND RM h mm rr rE ý_,., 
hr. co 11 CA a6 RC F! 1 St rL RK 4C ýM SY cs '" Mý ýM Ev It or v ýý TL - e. 
- -- --- -ý -- - -- 
ý, Spectrum Taken at --- -- f-- --- -- ---- , --- 1 ------ -- -- 7 j Ini. tiation-Site_____ 
j 
ä Au t ý -. --, --- 
-- 
' t Ail 
- 
-- - 
Pd ýý 
.ý 
4f N{ yý Wp ti N/$ Co ""C. K 1. VM Mý sf cc, H: CU 
Energy 
FIGURE 4.46 ýEnergy: dispersive'x-ray `spectra of'aca1oium rich crack. =_r, 
initiating particle in HDPE 163mm OD,, SDR 11, pipe..,,., 
.. v rr vs nt sf xR sR !R MO IIL I. Co sN 11 xf Rc Lr Ne sM CC DI rs SI Fr Ra rc 
RF Y Me !C RM AG !N $0 CO tC vR IM fl ft x TM ix 10 Rf R 4. 
Spectrum Taken Remote - 
-"- -FroirInitiatiön Site 
r_Ia; 
N7'tl: 
- --. 
T 
ý-7' 
1 - 
I .rx. MO rMP6aAI CA cc r, fa tlM H ro w. cL, rP 6a GI 
Energy 
Cý f! N' lý Cf H Fý EE !ý MD N:. ýD CD fN tt DI V. CF N. F. ' 6D Ft 
iM. CD CA 00 V Na N6 I Na K Mn AG If. 
Ui CS Au ny fý ,F .n ýv ý. 
VA IL µs 
-i i 
Spec Taken at 
' 
---- "-- -- ý ý__. _--' Au --ý + ----ý---- "-----. -- ;- -- - Initiation Site 
11 
-T 4 !i 
ý-_"__ _ ý_-- --ý 
I 
1 
, 
- __ _ 
ý- 
-__ __. _ý-ice---ý 1 
I 
; i 1{--1-', i_Tf 
77 
F NI N" MG MFILQ"K CR {C \I I C. W FE C[+ N' C1 IN 
Energy 
FIGURE 4.47 `'Energy dispersive`x-ray spectra'of a crack initiating particle 
in an HDPE 1 63mm OD SDR 11 pipe. No elements were detected 
apart from the gold/palladium alloy used to coat the surface 
of non-conducting specimens. 
WU 
Ci 11 N )N GE 51 of )F tG Mf B. ID co {N t! B[ BK tt NE LN It DU fi !NNt l! S 1W 
'" O C. ý. q 4" wk . Mk tG Br P6 ýw fB Cf Ek 11 iv Eý 4i vs oý n Pý 
- . _Spectrum-haken 
Au } i Remote from Initiation Site 
__ _ 
_. . _G 
i Nf NP MG k EI PE 
Typ 
"aK CP 
yK 
ti V p1 MN ft CO N1 C: ' ZN Ls 41 
Energy 
CF "f N V. 4F fl NY Ep [ý MD t 
SPD LLD , 
6M U rF Y Ct MD !M 
u 
4C pý M YE HH". H 
r .. G .. U 4L 
GG M ýY T M YT CI WKI MY t CY L A! X11 ý M [U l 6 CV A tU -Aa 
= -r --; Spectrum Taken änftiativn Site-- 
t 
- r -- A y _ u 
J -- 4 
w Nf NA MG y is i Cl A"G SC It V CF MN Ft CO N CL M Cl 
Energy 
FIGURE 4.48 Energy dispersive x-ray spectra of a fibrous crack initiating 
particle in HDPE 1 63mm OD SDR 11 pipe. 
'ý 
Main constituent - Cl 
FIGURE 4. L9 Fibrous crack 
in an HDFE 1 
(See Figure 4 
initiating rarticle 
48) 
- 
. r4 
m 
Cd 
4.1 
O 
4-3 
4D 
to 
Cd 
O 
Z 
H 
. rý 
O 
P+ 
UI "ri 
+3 
:jH 
+3 
öA 
b0 
o- 
0) aý b 
H 
w 
n- cm .., H, 0O, % ..., Co ._ i- vo - v1 0ý. , -t -, _Nd.., -F -p, ' r-1 
se. xntz, e; Jo , zaqu1nM 
O 
O 
O 
'-i 
o .ý o ". rn 0) 03 
r1 "i P4 
44 -P r-f 0 cd H 
td "r1 
o 4-1 "'-I r1 O 
C- "ý O 
Ö 
" O U) Ua 
oz cd . 
ýO E wä 
., -4 b +3 co CC a) 
o vii ci oOO 
U'1 NO t-I -r-4 
"rl Cd 
cnw 
v ý+ 
0 
0E "H " o to [) 
cý . -i a) 
NU +3 
"rI : f! I 
Cl) "H >3 
C) 
0aO Q) 
C'\ -H, a to S., -4 
- $4 U bD N 
0 
'~W 0w. P4 
N 
sadTd, Z adQH-, utc: sa-MTzEJ:,: 3oz. zaqumu 
O 
ol 
r-I .. 
O 
H 
CS 
H 
W 
Lý--, Ull cr% C\l r. 4 
V) :. 
0 
v "rj to 
Z 
oH 
"ri v 
H 
U 4-1 
0 
H 
4-I H 
O cd 
+1 b 
a) m 
o 
. r{ 0 
-P 1) " 
am 
C) "r4 a) as 
. r4 r., P4 au a 
V-4 PN 
0 
a) ow V $4 
4-4 4-4 
UU 
G) 
a) cd 
'd +' 
. -I to - VI " -4 C) 9 'd cd 
E0 
O0 
c-4 
rz -P 
O QD 
o O. ri 
cd to Cd 
4F' "ri Q) 
UxH 
N 
L7 
W 
sadtd z gdH uT sa. 1nTT'e3 3o . zagmnN 
C14 oý, -Z, " el ,I. Iý, ý ý, I- ,, "ý, ýIý -1 -00 CNI - 
Spectrum Taken 
Remote- from-Initiation M-te 
i 
f 
i 
J-i- . - 
CP nl r... n':. ". .ý 
rtf, t n C4 f: Tý w CP N n PI r Cr ., ý. 
fP FI r" 2r. 41 fl 
yný. ý ý ý.. 
tf F 
PP $C 
Ft r 
M1r 2. 
A! Mý 1,. 
_" 
cM1 TI t[ 1t 
A 5! 
_, 
t i. 
r 4: ,r 
P. n! 
CI 
t 
""rr 
ýT, ý 
Spectrum Taken 
Fe- -_--... _-_-- at-Initiation Site 
Cr 
Fe 
Ni 
b' 
,` 
C",. A. SL YtfC! 
Ä 
t" i it 
' "c 
CR lN It 
Energy, 
FIGURE k. 53 Energy dispersive x-ray spectra of a stainless steel crack 
initiating particle in HDPE 2 63mm OD SDR 11 pipe. 
The fracture surface was coated with a conducting hydrocarbon 
based fluid. 
Main constituents - Fe, Or, Ni, (304 stainless steel) 
(see Figure 4.553) 
;,: ain constituent:: - Fe, Cr, iii, t: o (7; 6 stainless c ýo _ 
F: i;; 4 1. -:: amni es of metallic crack. initiativ 
rarticles in : "D"_. 2 -n",,, i, .. 
N if M lA C.; Si RR !F iR MJ 0, "i - hA fl Co .tI. Cam' N, C" "u C? Yr OS " 
M. "C Ct ýF ýý N A! ý YR 1C w a. ry - ýý rr it 
rN 
Spectrum Taken Tak 
Spmote-ir initiation-Site___ 
---- Pd u -- v 
- - 
i 
__ _0" 
Al Mr M: 4 S. "0 Q "- a ýj K iý Y Cý M A fC CO 
Energy 
M CU in L. 9e 
(A ýf t .ý. Sý 
7ý Mt M /. t 
^! ý _U _^at ""t9 
Ct H4 Y' Cr 't rý r 
ý, pi 
F 
MI It ýf n 10 11 !! 
Energy 
FIGURE 4.54 Energy dispersive x-ray spectra of a calcium rich crack 
initiating particle in }LDPE 2 63mm OD SDR 11 pipe. 
FIGURE 4.54a r xample of a calcium rich crack 
initiating particle in an HDPE 2 
Oipe. (see 
Figure 4.54) 
N 
ä 
a) 
U 
cd 
W 
p 
4A 
b 
cd 
a) 
N 
r 
G) o 
C) ""rý4 
' +) 
Vl 
e-i 
U 
oä 
+ý 
mvl ", 
oA, 
oO- 
"H 
ýO" 
b U-N 
N v1 
v_- 
Q 
aý 
r1l 
r. N i-I _OC. _, 
m N r. -4 0. 
seanTTVJ 
, 
Jo . Iegmng 
ooý 
aý 
co NO V1 Cý1 N 
sadTd }xZ aaacm put t ERIK Ut sa. xriti ; Jo . zaq N 
oH 
0 
o- 
+) - 
om 
PL4 
() 0 £ "r - 
r-I +3 r-4 
o P. A o . }. 2 co CO 0) r4 (1) 
r4 4-2 
o a) "'-+ 
oN 
zý 
U 
O2" 
4-4 
E 
0- }3 Q) 
H cd 4-3 
O 
ýO 
Cl) 
\C) Zm >I 
(1) () co 
0N 
"f"l "r4 G) v An a 
., 4 o 
vii 
0 
to aý "_4 cv an m 
cd ,-ä ? -I aO 
ýI Hý 
OE 
OCd 
4) 
NE r-i 
"ri'" Rf 
O 4D 
W 
0 
C'1 'o 410 
"-1 .' CO 
U 
OH '0 
(\t u1 
Orý 
w 
0 
r-4 0 
O 
0 
O 
ri ^ 
O 
O "ý-i 
co 
a) 
o +ý 
a) 0 
0 
o +ý 
0 
%o ai P4 
P4 
04-+ 
00 
to (D 
U 
4-1 
m 
c) 
O VI 
C^ . rl 
rz 
0 
0 4-i 
0 
U 
N 
O U! 
O "ý 
rl A 
0 
C%l C\l 
0 
0 
W4 
U 
4-i 
O 
r-i 
e-4 " 
Cd a) 
ä 
10 P4 
toN 
Ar 
(D 
P4 
. r4 ab 
a) cd 
S0 w 
w 
m 
U 
Cd ý4 
+3 :3 
a) i' 
"ri U 
rd Cd 
4-4 4-4 
0 
0 
S4.3 
cd 
14 40 
0. 
rr4 +3 Id 
mcd 
"r4 (1) 
u1 
LS 
H 
W 
sadTd Z pule t SjI ut sa. zntTEJ Jo . zagamu 
AU ___ 
Spectrum Taken 
Remote from Initiation Site 
Ca 
Au 
Si Cl 
_- -- ---- --Fe -- -- Al 
Cr 
(. " .1.. YL ""rfC. 
CL .. 
CF M" S1 C4 t.. (_ 
.-- -- -- -- ý- -- Energy 
Au 
Spectrum Taken at 
-- ----- ---- -- --- -- Initiation Site 
Fe 
Au 
Si Cr 
--ý- --- -- --- "_ _- --- ffa - -- -- "- --- - -- --- -- -- --" ----- -- -- - ------ -- --- 
Ti Fe Al 
ý. 
-- 
Or 
--- --Ni--- Cu ----Zn- --- - 
.,,. 
ý.. 
_, ýý't. -, .. 
NCaýtW rr: "- 1 c.. 
ýý 
-r -. . ý. -r.. ... sr, r. ... r ý. r 
"'te' " tP. - " vt',. r , fir ..., .. t., as.., , ý. t: ....... .. 
ü`f-... .. -a ý.. ý{. -.. 
Energy 
FIGURE 4.58a Energy dispersive x-ray spectra of a mainly stainless steel 
crack initiating varticle, -in ? ?E1 
60mm, OD SDRr11 pipe. X;. ý 
Only, gold was used, to coat the sample in this case. 
-- -- -- --- -----_ - -- --- -- 
3Pectrum Taken 
Remote from Initiation 
Site 
.. ý Ti 
Lr". 1 Sa Cý *. Cr*G4r CL tC 
" 
1* " Cr Y. 0rC. f_ 
Energy 
CM tý 1 I'. .ý 1t "i 
!ý lt MU M. v_ 7. S'. TI ý1 fit C! N= Y C. 11 .1 
Ti 
-- ----- -- --- 
Spectrum Taken 
--- "-"' '- -' -- at Initiation Site 
i j_ _i 
oeu ys +"u asrsa., C. SC ., fC. v. R C.. e C. r 
Energy ` 
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FIGURE 4.61a Energy dispersive x-ray spectra of a calcium rich crack 
initiation particle in MDPE 2 63mm. OD-SD& 11 pipe.. 
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FIGURE 4.62b Silicon rich crack initiating particle 
in an TOPE 2 pipe. 
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CHAPTER-'5 - RESULTS 
SMALL DIAMETER PIPE SYSTEMS 
CONTAINING INJECTION 14OULDED FITTINGS 
(60 and 63mm OD/SDR 11) 
5.1 
5.1 MECHANICAL PERFORMANCE OF PIPE SYSTEMS CONTAINING 
INJECTION MOULDED FITTINGS 
5.1.1 Introduction 
Since thermoplastics pipe networks are generally 
composed of extruded pipe and injection moulded fittings, 
such as tees; bends and stub flanges, it must be the case 
that the service lifetime of the pipe system depends upon 
the integrity of fittings and/or welds joining fittings 
and pipe and cannot be determined solely upon the strength 
of the extruded pipe. 
Stress rupture testing of fittings is again the most 
widely adopted method of identifying the allowable design 
stress for a given operating temperature and desired life- 
time and of assuring quality of the manufactured product. 
However, fittings can also be subjected to fluctuating 
internal pressures in day-to-day use so that it is part- 
icularly necessary to determine their behaviour under such 
loading conditions. 
Pipe systems containing selected injection moulded 
fittings were tested by the same methods employed to 
investigate pipe and welded pipe performance, that is, by 
means of short term rupture, stress rupture and fatigue 
experiments. 
The data obtained from this work will be compared 
closely with equivalent pipe and welded pipe material 
performance to highlight and contrast any observed 
behavioural differences between the two types of pipe 
network components. Manufacturers' stress rupture data 
will also be compared with the results where appropriate. 
5.1.2 Position-and-Description of Failure Sites 
Schematic diagrams of the principal 60 and 63mm 
SDR 11 pipe systems containing fittings are illustrated in 
Figure 5.1 together with potential sites of failure. A 
similar notation for failure site position is used for 
fitting systems as for pipe and welded pipe. That is 
for a specimen containing 900 equal tees, failure sites 
are designated T1, T2 and so on. For 900 bends the 
symbols B1. B2 etc. are used to define position of 
failure. 5,2' 
Short-term rupture tests in a temperature--range 
20°C - 8.0°C resulted-in ductile failures in pipe sections. 
only. No joint or fitting failures were-generated. 
The type of failure was identical to that in the pipe or 
welded pipe; it was of a ductile form exhibiting the same 
gross yielding and tearing in a circumferential direction. 
For 900 equal tee systems subjected to stress rupture 
or fatigue the following brittle failures were observed, 
the appearances of which through the pipe or fitting wall 
are illustrated in Figure 5.2. 
Site Ti -A crack in a pipe section--about 5mm long, 
pa'rall'el to the pipe' extrusion direction in any one of 
the branch arms of the tee specimen. 
Site T2 Tyne l-A crack similar to Ti, occurring across 
a butt-weld which joins any arm of the tee with a pipe a=ction. 
The crack is parallel to the pipe extrusion direction and is 
generally associated with a defect in the weld bead produced 
by mould Darting lines- remaining on the fitting surface after 
manufacture or internal weld lines, an example of which is 
shown in Figure 5.3. 
Site T2 Type 2-A circumferential weld failure usually 
originating at the notch formed between the weld bead and the 
internal surface of the pipe or at the weld interface notch 
again at the inside surface of the pipe. The crack was 
found to propagate along a line drawn between the notches 
mentioned above from the inside to the outside wall of the 
system. Complete weld separation at the interface has also 
been observed although only in a very few cases. 
Site T3 -A crack, which appears about 5mm long when 
observed on the external surface of the tee fitting itself. 
Its position lies at the transition between the branch 
pipes of the tee lying in the mirror plane containing both 
branch pipe axes. 
Site TL -A crack, 5mm long, lying on an internal weld 
which is located opposite the single branch arm and in the 
body of the fitting. The fracture lay parallel to the 
principal pipe axis. Failure T3 and T4 were generally found 
to be co-planar or very nearly so. 
The appearances of brittle fractures in 90° bend 
systems are illustrated in Figure 5.4 and are described 
as follows. 5.3 
Site Bl -A crack in a pipe section about 5m.. a long 
parallel to the pipe'extrusion direction. 
Site B2 Type 1-A crack similar to B1, occurring 
across a butt-weld which joins either end of the fitting 
to a pipe length. The crack is parallel to the pipe extrusion 
direction and is generally associated with a defect in the 
weld bead produced by mould parting lines remaining on the 
fitting after manufacture or internal weld lines. The butt- 
weld defects in bends look identical with those in tees 
(see Figure 5.3). 
Site B2 Type 2-A circumferential weld failure usually 
originating at the notch formed between the weld bead and the 
internal surface of the pipe or at the weld interface notch 
again at the inside surface of the pipe.. The crack was 
found to propagate along a line drawn between the notches 
mentioned above from the inside to the outside wall of the 
system. 
Complete weld separation at the interface was not 
observed in any instance. 
Site B3 - A. crack, 5. nß long, occurring in the body of 
the fitting usually associated with an internal weld line. 
Due to the sensitivity of the failure detection device 
the fractures occurring at butt-welds were hidden beneath 
the lip of the weld bead making exact identification of the 
failure site a difficult task. On a number of occasions 
therefore the failed specimen was subjected to further 
pressure causing the crack to propagate and enable its 
position to be determined. 
The circumferential butt-weld failures described in 
the pipe results chapter were only very occasionally 
observed in HDPE 1 and 2 based fitting systems and are 
not considered a significant mode of failure. Butt-welds 
made between MDPE 1 pipe and fittings fractured only in 
this manner. 
The failure site in the various systems tested was 
found to be dependent upon the mode of testing, the type 
of fitting and material of fabrication. Table 5.1 summarises 
the influence of loading mode, pipe system construction and 
pipe system material on actual failure sites for selected 
60 and 63mm SDR 11 systems. 
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5.1.3 Short Term Rupture Tests 
Selective short term rupture tests were carried out 
on HDPE 1 and 2 based fitting systems. (Batch A bends 
and tees were butt-welded to HDPE 1 pipe while Batch B 
fittings were joined to HDPE 2 pipe as described in 
Table 5.3) 
The investigation included tests at temperatures 
lying within the range 20°C to 80°C. None of the butt- 
welds or fittings failed. Rupture invariably occurred 
within a pipe section in a ductile manner at a pressure 
equivalent to that recorded for comparable pipe specimens. 
An example of a typical ductile failure in an HDPE tee 
system is shown in Figure 5.5. 
Table 5.2 details the results for the HOFE 1 and 2 
based fitting systems and are very similar to the data 
obtained for pipes and welded pipes. 
Again the results presented here indicate the good 
short term quality of butt-welds since no weaknesses were 
found under any of the test conditions. 
5.1.4 Stress Rupture and Fatigue Testing 
(i) HDPE 1 Pipe + Batch A 90 0 Equal Tees 
(63mm OD/SDR 11) 
Table 5.1 demonstrates that the predominant mode of failure 
for the batch A 900 equal tee systems in a stress rupture 
test at 80°C (353K) and 1.00 MPa internal pressure was the 
brittle crack in the pipe section (see Figure 5.1, site TI) 
with the measured lifetime exceeding the manufacturer's 
specification for the pipe under the same conditions. Thus 
no real value for the stress rupture performance could be 
obtained using HDPE 1 pipe. (In a small number of sub- 
sequent tests, HDPE 2 pipe was welded to batch A tees. 
With the greatly improved stress rupture performance of 
the pipe the site of failure shifted to the body of the 
batch A tee in position TL. Actual stress rupture life- 
times for the tees were then obtained and lay between 400 
and 500 hours. ) 
When tested under fatigue conditions at a temperature 
of 80°C (353K) and pressurised to 1.00 MPa, the site of 
failure was altered from T1 to, predominantly, site T3, 
that is, in the body of the tee at the branch arm tran- 
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section (see Figure 5.2). There were occasional failures 
observed at site T2 associated with weld bead defects, 
although the total number of such failures accounted for 
less than 1% of the tee body . 
fractures when the fatigue 
frequency was >_, -2 cpm. If systems failed at site T2, 
the pseudo stress rupture life was on average less than 
that observed for the pipe. Thus, in summarising, it is 
evident that 
a. Under static load conditions HDPE 1 pipe fails first. 
b. Under fluctuating pressures of low frequency (< 2 cpm) 
failure occurs at either site Ti, T2 or T3 without 
exhibiting any preference. 
c. Under fatigue conditions at frequencies >2 cpm 
failure invariably occurs in the body of the batch A 
tee at site T3. 
As indicated above, to characterise fully the 
fatigue performance of pipe systems containing batch A 
900 equal tees, the effect of pulse frequency was 
investigated. Figure 5.6 illustrates the marked effect 
frequency of internal pressure loading has upon the 
pseudo stress rupture life ( TFATIGUE) of these tees. 
Included in this diagram is the data for HDPE 1pipe 
failures to highlight the differences in performance of 
pipe and pipeline systems that incorporate injection 
moulded 900 equal tees. For example at a frequency of 
6 cpm the tee fails at approximately 15% of the pseudo 
stress, rupture life or about 12% of the measured stress 
rupture life (--60 hours) representing a dramatic 
reduction in system lifetime. 
The data in Figure 5.6 are replotted in Figure 5.7 
to demonstrate the influence of frequency on the number 
of cycles to failure N. The positive slope of the tee 
results indicate that the failure process is not cycle 
dependent and hence not a pure fatigue type fracture. 
It is assumed-therefore that some effects due to creep 
had taken place. 
5.8 
Figure 5.8 plots the performance of the tees and 
HDPE 1 on a graph of the manufacturer's stress rupture 
data for HDPE 1 pipe. This again shows with remarkable 
clarity how a moderate increase in frequency can sub- 
stantially reduce the TFATIGUE value for an injection 
moulded tee. 
Although the information presented in this section 
relates to one design of a 900 equal tee, an earlier 
design of identical size was also tested. The main 
difference between the two types of fitting was related 
to the position at which the mould used to manufacture 
the fitting was filled. The earlier tee mould was filled 
from a single point gate, whereas the batch A tee was 
ring gated from one' of the tee arms. 
Results from this series of tests showed that 
failure invariably occurred at site T3 with a reduction in 
pseudo stress rupture lifetime, compared with HDPE 1 pipe, 
greater than that observed for batch A tees. For example, 
at a frequency of 6 cpm with an internal pressure of 1 MPa 
(as before) and a test temperature of 80°C the TFATIGUE 
value of the earlier design of tee was only 2% of the 
equivalent TFATIGUE value for HDPE 1 pipe. This is 
an 11% reduction on the already poor performance of the 
batch A tees under identical test conditions. 
(ii). HDPE 2 Pipe + Batch B 90° Equal Tees 
(63mm OD/SDR 11) 
Having demonstrated a frequency effect upon one type of 
injection moulded tee fitting it was proposed to examine 
a second system based on HDPE 2 pipe and batch B 90° 
equal tees, in a similar manner, to broaden the scope 
of the investigation. It was further decided to produce 
data on the influence of fatigue loading on-the pseudo 
stress rupture lifetimes of tees which could be readily 
compared with manufacturers' supplied pipe stress rupture 
data and thus provide information upon which to base the 
design of pipe systems intended for use in fatigue 
conditions. This implied obtaining information not only 
at various frequencies but also at a. variety of internal 
pressures which subsequently led to the generation of 
S-N or Wähler curves. 
5.9 
Stress rupture testing of unconstrained HDPE 2 
pipe systems containing 90° equal tees (batch B) at 
80°C and I MPa internal pressure showed that the 
measured lifetimes of both systems exceeded the material 
manufacturer's specification. -:: However, as with 
the HDPE 1 based specimens, the lifetimes (tSR) of the 
different systems were not equal. The measured lifetime 
of the injection moulded batch B tee system (450 hours) 
was approximately one half of the measured stress rupture 
life of the pipe (-900 hours). The lifetime for the 
batch B tee was thus about the same as that for the 
batch A tee. Failure in the fitting# under stress rupture 
conditions was again of a brittle sort lying at site T4 
in the body of the moulding on an internal weld line. 
The mean measured lifetime of tee systems at 80°C and 
1 MPa internal pressure (corresponding to a pipe hoop 
stress of 4.9JMPa) is given in Figure 5.9 together with 
the measured value for the HDPE 2 pipe systems and the 
material manufacturer's stress rupture curve (A): It 
is clear that both of the systems under stress rupture 
loading exceed the manufacturer's specification but that 
the incorporation of the injection moulded fitting lowers 
the system performance even though the thickness of the 
tee at the position of failure is about 50% greater than 
that of the pipe. 
The imposition of a fluctuating internal pressure 
on the batch B tee system again resulted in a marked 
decrease in lifetime when considered in terms of TFATIGUE' 
Thus the behaviour observed in the batch A tees was not 
unique. The failure site was always at position T3 and 
in fact no failures were observed at butt-welds between 
the batch B tees and HDPE 2 pipes at any of the test 
frequencies. The observation of a marked reduction in 
system lifetime is based on tests carried out with six 
different internal pressures and the results for one 
frequency of test (7.5 cpm) are represented by curve B 
in Figure 5.9. 
The effect of reducing frequency from 7.50. to 4.29 
and '1.57 cpn on the pseudo stress rupture life can be 
seen in Figure 5.10. A reduction in frequency clearly 
leads to an improvement in the 'FATIGUE value so that 
5.10 
it approaches the performance specified by the manufacturer. 
The data in Figure 5.10 can be alternatively presented 
in Figure 5.11 as the number of cycles to failure as a 
function of the peak test pressure. The curves shown in 
Figure 5.11 relate again to three test frequencies and are 
nearly coincident at the higher internal pressures and 
corresponding hoop stresses, indicating that the frequency 
has little effect on the nunber of cycles to failure. This 
effect is presented more clearly in Figure 5.12 which for 
an internal pressure of 1 &IPa and a temperature of 800C 
the plot of Nf against frequency is a line approximately 
parallel to the horizontal axis. This indicates typical 
cycle dependent behaviour, at least in the range of con- 
ditions described here. 
At the lower peak internal pressures the curves of 
hoop stress against cycles to failure diverge so that they 
differ by at least a factor of five, again shown more clearly 
in Figure 5.12 as an obvious increase in Nf with increasing 
frequency. This behaviour is similar to that observed in 
the batch A tees under similar conditions (see Figure 5.7)" 
Extending the range of test hoop stresses to above 
5.5 MPa (above the knee of the manufacturers stress-. rupture 
curve) and below a 3.0 MPa hoop stress revealed changes in 
the relationship between pseudo stress rupture life and 
the actual stress rupture life for batch P tee fitting 
performance. Above 5.5, MPa hoop stress, the site of 
failure altered yet again from T3 to Tl. All failures at 
these higher fatigue pressures resulted in ductile failures 
within the pipe sections of the equal tee systems. None 
of the weaknesses shown in the tees at lower stresses were 
revealed and close inspection of the tees after high 
pressure fatigue testing did not show any obvious signs 
of fatigue damage. The pseudo stress rupture lives of 
tees tested above the knee were found to increase compared 
with lifetimes obtained at the same frequencies but at 
stresses lying below the ductile/brittle transition of 
the stress rupture curve. Obviously entirely different 
failure mechanisms are at work in these cases. 
5.11 
The existence of a fatigue-limit for the batch B 
tees is indicated by the low pressure fatigue test results 
presented in Figures 5.9 to 5.11. Further long term 
testing would be required to extend these curves to a 
point where an approximate limit could be measured. 
It appears, however, that higher frequency tests will 
approach a horizontal asymptote at a higher hoop stress 
compared with the lower frequency results. 
(iii) Combined Stress Rupture and Fatigue Tests. 
Since pipelines may be subject to both static and fatigue 
loadings while in service, it was decided to determine 
the relative contributions made by both modes of loading 
to the lifetimes of systems containing batch B 90 0 equal 
tees (welded to HDPE 2 63mm OD SDR 11 pipe). 
In the first instance specimens were subjected to 
fatigue loads at a maximum internal pressure of 1 MPa, 80°C 
and 7.5 cpm (2 seconds on load followed by 6 seconds 
at atmospheric pressure) for 90% of the previously 
determined fatigue lifetime of the batch B 900 equal tees, 
failing at site T3. That is 90% 'FATIGUE where, as 
defined in Chapter 4, 
N= Nf 
TFATIGUE (tmax)N (5.1) 
N=1 
with the same meanings for all symbols. 
The fitting systems were then subjected to static 
loads at the same temperature and pressure and the times 
to, failure recorded. These were observed to exceed the 
manufacturer's specified stress rupture lifetime, TSR, 
and indicates that the mechanism or defect leading to 
failure under fatigue loading at site T3 is auch less 
active when ä static load is applied. 
The procedure went one step further and included a 
second fatigue period so that the following loading 
history was obtained, 
(1) the systems were subjected to an initial fatigue period 
of a length defined by a set percentage of ZFATIGUr' 
followed by, 
5.12 
(2) a fixed period of static internal pressure, and 
finally 
(3) -subjected to a second fatigue period,, under the 
same conditionsas the first, until the specimen 
fractured. 
These three-part experiments were structured as shown 
below: - 
PERIOD 1 
FATIGUE 
PERIOD 2 
STRESS RUPTURE 
PERIOD 3 
FATIGUE 
-50% CFATIGUE (1.51 hrs) -25% TSR (250 hrs) Until Failure 
-90% tFATIGUE(2.72 hrs) -25% TSR(250 hrs) Until Failure 
-90% TFATIGUE (2.72 hrs) -0.25% TSR (2.5 hrs) Until Failure 
Note: - 'CSR is the lifetime of the HDPE 2 pipe under 
static load. 
The fatigue frequency was set at 7.5 cpm and all. 
test periods were held under conditions of 80°C and 1 MPa 
maximum internal pressure. 
All results are presented in Table 5.3. Of particular 
interest is the apparent beneficial effect of the stress 
rupture period which causes the total fatigue lifetime to 
more than double in some cases. In any event the applic- 
ation of a static load subsequent to a fluctuating internal 
pressure always increased the fatigue life of the tees 
failing at site T3. 
On the other hand, the application of a fatigue load 
prior to stress rupture loading seemed to have no beneficial 
or deleterious effect on systems' stress rupture lives and 
even after 90% of the expected IFATIGUE value, fracture 
was not observed at the usual site of T3 but rather shifted 
under the static load to site Ti. 
(iv) MDPE 1 Pipe + 900 Equal Tees (50mm OD/SDR 11) 
Due to the fact that only a limited number of tee systems 
were available, the performance of individual butt-welds 
in the specimens was monitored along with pipe and fitting 
behaviour. Thus if failure occurred at a joint the speci- 
men was re-welded and put back on test until the next 
failure. This process was carried out as rapidly as 
possible to preclude the occurrence of any major material 
alterations. 
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Stress rupture and fatigue tests, all at 80°C, were 
completed using a range of internal pressures designed to 
cause failure in a brittle manner. 
In all cases of failure, whether under stress rupture 
or fatigue conditions, the position of fracture lay at 
site T2 and was of type 2, that is a partial. circumferential 
separation of the weld between the injection moulded 
fitting and a pipe section close to but not at the inter-. 
face. In this respect the performance of the MDPE 1 
90° equal tees differed markedly from the HDPE 1 and 2 
systems. Furthermore, it once again appears that fatigue 
is a more aggressive type of internal pressure test when 
compared with stress rupture. Lifetimes were generally 
considerably reduced under fatigue. In any event both 
stress rupture and fatigue tests demonstrated the weak- 
ness of a butt-weld made between an injection moulded 
fitting and a pipe section in this size and material. 
All-, -, results are presented in Table 5.4 and are 
again quoted in terms of the stress rupture ( TSR) and 
pseudo stress rupture lives ( IFATIGUE ). For comparison 
the stress rupture and pseudo stress rupture lives 
measured for pipe are also included. 
(v) HDPE 1 Pipe + Batch A 900 Bends 
(63mm OD/SDR 11) 
The stress rupture tests on the HDPE 1 pipe + batch A 
90° bends at 80°C (353K) and'1, ilPa internal pressure 
gave rise to one sort of failure only, corresponding 
to site B2 type 1 and in all examples the associated 
lifetime 1SR exceeded the manufacturer's specification 
for the pipe stress rupture life, although did not exceed 
the actual measured stress rupture lives. 
In fatigue testing, again at 80°C and a maximum 
internal pressure of 1 MPa, the imposition of an inter- 
mittent load. resulted in; a trend decreasing pipe system 
lifetime with increasing frequency. The results are 
consistent with those obtained for the batch A 90° equal 
tee systems (and with batch B tee data) in demonstrating 
that the incorporation of an injection moulded fitting 
is a source of weakness if the system is to be subjected 
to fatigue. The position of failure which was always at 
5.15 
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the butt-joint was generally associated with weld bead 
inhomogeneities induced by the presence of mould parting 
lines and/or internal weld lines. With a frequency in 
excess of 2 cpm the pseudo stress rupture life of the 90 0 
bend system was reduced below that-of the actual stress 
rupture life for the bend systems and the specific 
position of the resulting failure, whether associated 
with internal weld line defects of surface mould line 
defects, appeared to have little influence on general 
trends. The effect of frequency of loading on the batch 
A 900 bend systems performance is illustrated in Figure 
5.13. HDPE 1 pipe data is also presented for comparison. 
Under both stress rupture and fatigue conditions 
all batch A bend systems failed at site B2 type 1. 
(vi) HDPE 2 Pipe + Batch B 90° Bends 
(63mm OD/SDR 11) 
Stress rupture and fatigue tests were carried out on 
63mm SDR 11 HDPE 2 pipe + batch B 90° bends at 80°C 
(353K) and with a maximum internal pressure of 1 MPa. 
in fatigue one frequency of 7.5 cpm was applied. 
Stress rupture was evidently less aggressive on 
the bend systems in that three. out' of 
. 
the five specimens 
tested produced a failure in the pipe section at site 
Bl. It is interesting to note that one of the non-pipe 
failures occurred at site Bar that is, in the body of 
the bend and actually lying on an internal weld line. 
The other non-pipe fracture. was found at site B2 type 1 
at a fitting/pipe butt-weld. Neither of these last 
two failures showed a reduction in TSR compared with 
the pipe. 
Fatigue loading, however, produced a significant 
difference in the position of failures in the bend 
systems, in that out of ten results only three specimens 
fractured in a pipe section. The remainder all failed 
at site B2 (type 1) after greatly reduced lifetimes 
compared with the mean stress rupture life of'the pipe 
as measured' during the test programme. It was not 
possible to examine the influence of frequency of the 
bend performance. 
Results are presented in Table 5.5 along with 
equivalent results for HDPE 2 pipe. 
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Although these findings indicate a fatigue weakness 
in the pipe/fitting butt-weld for the HDPE 2 pipe + batch 
B 900 bends, the measured t FATIGUE values are at least 
a factor of five greater than equivalent results obtained 
with HDPE 1 pipe + batch A 90° bends. 
(vii) MDPE 1 Pipe + 900 Bends (60mm OD/SDR 11) 
Stress rupture and fatigue tests were also conducted on 
MDPE 1 pipe + 90° bends at 80°C (353K) and 0.6 biPa (90 psi) 
maximum internal pressure. The fatigue frequency was, as 
usual, set to 7.5 cpm. 
Once again the performance of the MDPE 1 systems 
containing an injection moulded fitting (in this case a 
90° bend) was below that expected for the pipe under similar 
conditions. All fractures were at site B2 (Type 2) whether 
subjected to fatigue or static loads. Fatigue induced 
system failure with IFATIGUE values substantially reduced 
compared with the TSR values of the bend systems, and 
both sets of figures are much lower than the 'CSR results 
for pipe alone. 
Table 5.6 illustrates these results particularly 
clearly. 
5.2 FRACTURE SURFACE ANALYSIS 
5.2.1 Introduction 
Strictly speaking only one of the failures occurring 
in the fitting systems demonstrated a distinct pattern 
of mechanical behaviour. This was T3 which predominated 
in the brittle fracture of HDPE 1 and 2 pipe systems 
containing 900 equal tees. For this reason the main 
effort in the fractographic study of the fittings was 
concentrated upon obtaining detailed correlations between 
T3 fracture surface macro= and micromorphology and the 
previously imposed mechanical history. 
It is intended therefore to discuss in the first 
instance, the appearance of fractures and fracture 
surfaces observed in all fitting systems fabricated from 
each material and then consider in more detail fracture 
analysis results of the T3 failures in HDPE 1 and 2 as 
mentioned above. 
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Table 5.1 indicates those brittle fracture surfaces 
to be desribed in the course of this section. 
(Detailed descriptions of the failure sites are 
presented in section 5.1.2. ) 
Fractures which appeared in the pipe sections making 
up the fitting systems were discussed in Chapter 4 and 
will not be dealt with here. 
5.2.2 General Fracture Analysis of Pipe Systems Containing 
Injection Moulded Fittings 
(i) Type 1 Butt-Weld Failures (HOPE 1 and 2). 
Typical examples of type 1 butt-weld failures in fitting 
systems fabricated from HDPE 1 and 2 are shown in 
Figure 5.14 and labelled with their respective test 
conditions. Since the two materials are very similar 
with respect to certain physical properties, it is reason- 
able to expect their fracture surfaces, produced. under 
the same conditions, would show little variation. 
However, not only do the pipe/tee and pipe/bend butt-welds 
appear almost identical but the stress rupture and fatigue 
fractures also exhibit very similar features. Only very 
occasionally do beach marks due to the discontinuous growth 
of the fracture appear on any of these surfaces. 
Other important features include the difference in 
the bead size on the fitting side of the veld compared 
with the well formed pipe bead. This, as mentioned 
previously, is caused by moulding defects within the 
fitting such as internal weld lines which affect the 
formation of the weld sprue during the butt-welding process. 
The progress of the brittle fracture tends to 
enhance underlying structural features and shows clearly 
the heat affected zones, including the weld interface and 
also differences associated with the fact that pipes are 
extruded and the fittings moulded. 
It was generally difficult to locate the exact 
position of crack initiation although on certain surfaces 
concentric-markings allowed an estimate to be made. It 
appeared that failures usually started at the notch made 
between the weld bead and the fitting's internal surface 
at the point where the weld bead had not formed correctly 
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due to the moulding defects discussed earlier. 
Study of these fracture surfaces by means of 
scanning electron microscopy revealed very similar 
features to those obtained on pipes. There are regions 
of highly drawn fibrils which disappear at the weld inter- 
face. The amount of localised drawing varies and part- 
icularly so when banded structures are observed on the 
fracture surfaces, - see Figure 5.15. At this level no 
differences between the fittings and pipe fracture surface 
morphology are apparent. 
(ii) Type 2 Butt-Weld Failures (HOPE land MDPE 1) 
Examples of the circumferential type butt-weld failures, 
more commonly observed in MDPE 1 welded systems, are 
presented in Figure 5.16. The photographs show side 
views which clearly indicate the path of fracture and 
views normal to the actual fracture surfaces which provide 
evidence for. the fact that such failures are very brittle. 
In some instances the circumferential separation has 
occurred at the weld interface and is almost certainly a 
result of poor polymer mixing in this region during the 
jointing process. 
The': type 1 and type 2 butt-weld failures in the 
HDPE 1 based tee systems were equally possible under 
static load conditions whereas in fatigue tests only 
type 1 fractures were observed. The circu: ifsrantýal 
failures were absent in the tests conducted on bend 
systems. (It is useful to note that type 2 butt-weld 
failures did not occur at all in the HDPE 2 based fitting 
systems in either loading mode. ) 
(iii) T3 Tee Fitting Failures (Batches A and B) 
This type of fracture is associated with fatigue loading 
conditions only. 
This applies to both batch A and batch B 900 equal 
tees. 
Photographs of the general features of such fractures 
are shown in Figure 5.17. At the point of failure which 
is the same for both batches of tees, the wall thickness 
is approximately twice that of the equivalent SDR 11 
pipe. 
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The failure initiation site has been indicated by 
scanning electron microscopy to be associated with damage 
induced by the retraction of the mould core (Figure 5.18). 
Marked changes in microstructure through the thickness of 
the moulded tees (both batch A and B) are reflected in the 
fracture surface morphologies shown in Figure 5.19, and 
in some cases fatigue markings are evident. 
Fracture surface morphology also varies as a function 
of both frequency and test pressure. The results of this 
work will be presented later in this chapter however. 
(iv) T4 Tee Fitting Failures (Batches A and B) 
This type of failure occurred solely under conditions of 
static load and not only do fracture surfaces from both 
materials exhibit similar features, but they also failed 
after approximately the same period, that is about 400 
to 500 hours at 80°C and 1 :, tea internal pressure. 
For the batch B 900 tees it is useful to note that 
allowing for the extra wall thickness the actual stress 
rupture life was approximately one-half of that expected 
on the basis of HDPE 2 pipe stress rupture data. 
On the other hand, for batch A tees, again allowing 
for the extra wall thickness, their stress rupture lives 
were about six times that of the HDFE 1 pipe. Thus only 
when batch A tees were welded to HDPE 2 pipe could the 
actual stress rupture performance of the fittings be 
measured. 
In all cases the stress rupture failures in the body 
of the tees occurred in that part of the wall opposite 
to the branch arm and lying on a line positioned by dis- 
continuities in the butt-welds which are indicative of 
the position of a major internal weld line. 
Figure 5.20 presents a typical T4 fitting failure. 
As maybe expected there are no apparent DG-H's 
and the aspect ratio of the fracture surface (the maximum 
length of the crack in the longitudinal direction divided' 
by the wall thickness exhibits good agreement with values 
obtained for HDPE 1 pipe stress rupture fractures. 
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(v) B3 Bend Fitting Failures (Batch B Only) 
To date only one B3 failure in the body of a batch B bend 
has been observed. The fracture was again lying directly 
on aline in the fitting joining discontinuities in the 
welds and is associated with a major internal weld line. 
However, the fracture surface was badly marked when it 
was broken out of the bend and any significant' features 
were masked by the poor quality of the surface. It is 
mentioned here for completeness, however, and to indicate 
that under conditions of static load only (not fatigue) 
a body failure can occur in an injection moulded bend. 
The time of failure was nearly 500 hours in excess of 
the measured average HDPE 2 pipe stress rupture life of 
about 900 hours. 
Such fractures will obviously be quite rare since 
in general'the pipe joined to the bend (whether HDPE 1 
or 2) will fail before the fitting. 
5.2.3 Detailed Analysis of T3 Fracture Surfaces 
(i) HDPE 1 Pipe + Batch A 900 Equal Tee Systems. 
The batch A 900 equal tees were used in that part of the 
mechanical testing programme which dealt specifically with 
the effect of frequency upon the performance of systems 
contining injection moulded fittings. Thus Figure 5.21 
shows the marked changes in fracture surface morphology 
which occur as a function of test frequency. All these 
failures were obtained at 80°C with a maximum internal 
pressure of 1 PIIPa. 
There is clear evidence of the effect the underlying 
microstructure has upon the fracture surface features. 
The site: jof initiation is also seen to good effect on 
these macrographs and complement the SEM micrographs of 
the initiation site presented in Figure 5.19. 
Patterns of what appear to be fatigue markings 
are observed emanating from a centre which is not at 
the initiation site and are probably caused by polymer 
melt flow in this corner of the moulding. 
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Towards the edge of the specimens lie regions of 
very rough material which are possibly related to the 
skin on the inside walls of the mouldings. There is not 
a very clear pattern emerging from these surfaces which 
could, macroscopically be related to the test frequency. 
There is some indication however, that at higher 
frequencies the surface becomes slightly rougher and the 
fatigue markings become less pronounced probably due to 
a masking effect. 
As usual on a high magnification SEM micrograph, 
as shown in Figure 5.22, there is little difference to 
be observed between the tees and pipes. Once again, the 
DGB's are iridibative of variations in localised` 
ductility with the fibrils becoming more or less obvious 
depending upon position of observation. 
Only the high magnification micrographs of the 
fracture initiation sites are of particular use. 
Since the surfaces are particularly complicated with 
a variety of effects combining to produce the observed 
features, it is difficult to explain the exact nature of 
the failure mechanisms at work. The most important 
result elicited from this information is that yet again 
the pipeline components are failing from defects produced 
during processing. 
(ii) HDPE 2 Pipe + Batch B 90o Equal Tee Systems 
The site of fracture for batch B 900 equal tees is common 
not only at all the test frequencies (which is the same 
as for batch A tees) but at all the applied internal 
pressures within the range 1.10 MPa and 0.5 MPa. 
The overall features of the fracture-surfaces 
indicated a brittle type of fatigue fracture and again 
the underlying microstructure of the fitting, the frequency 
of test and, for the batch B tees, the maximum internal 
pressures all influenced the fine detail of the surfaces. 
Figure 5.23 shows the effect of frequency, at one 
pressure on the batch B tee surfaces and Figure 5.24 
demonstrates the influence internal pressure, at one 
frequency, can have. 
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. 
The variations in surface morphology for the batch B 
tees appear to be more obvious compared with batch A. 
There is a distinct decrease in surface roughness when 
the pressure is reduced at constant temperature and 
frequency. Also at the higher frequencies, at constant 
pressure and temperature, the. surface becomes more ductile. 
Fatigue markings are also observed along with a 
roughening of features towards the inside edges of the 
tee. Polymer melt flow lines can be seen producing, 
complex interacting patterns in these regions of the 
fittings. 
This form of-, data is invaluable for failure analysis, 
since by examining the features, of a fracture'surface, the 
conditions which led to the rupture can be approximated. 
Thus by knowing the cause, a remedy can be proposed. 
Scanning electron microscopy again revealed the 
site of fracture initiation. ' It is the same defect as 
observed on batch A tees, associated with the extraction 
of the mould core. 
The defect can be observed easily in un-tested 
tees in the branch arm of the fitting close to the inter- 
section with the through pipe. 
Although high magnification examination of the 
surface features was carried out, results were similar 
to those obtained for batch A tees and thus need not be 
repeated here. 
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T2 Type 1 
Longitudinal fracture 
across a butt-weld. 
Ti 
T3 
Fracture in fitting 
associated with mould 
core damage on the 
inside surface. 
/ T2 Type 2 
Circumferential separation 
at or near a butt-weld 
interface. 
T4 
Fracture in fitting 
associated with an internal 
weld line. 
FIGURE 5.1a Schematic representation of observed brittle 
fracture sites in systems containing 90° equal 
tees. 
B1_ 
B2 Type 2 
Circumferential 
separation at or 
near a, butt-weld B2 Type 1 
interface. Longtudinal fracture 
across,, a-. butt-weld. 
Fräcture in'Ifitting 
rassociatedewith an 
internal'weld line. 
FIGURE'5. lb' 'Schematic representation of observed-br; ttle-'- , fracture sites in systems containing 90 bends., 
00 ) T2 Type 2 
iience, 
same 
in 
FIGURE 5.2 Schematic representation of the positions 
and appearances of brittle fractures observed 
in small diameter 900 equal tees. Ti, which 
is not shown, is a longitudinal crack in any 
of the pipe sections (see Figure 4.18). 
... = Denotes an initiation site. 
20mm 
FIGUR 5.3 leld bead discontinuities in butt-welds 
made cetwEen Extruded pi ar_J a 900 
equal tee. The internal weld line along 
the shine of the fitting can also be 
seen joining the two discontinuities 
in the welds. 
B2 Type 2 
Fracture 
oonvenie 
shown he 
same pla 
This is 
the case 
FIGURE 5.4 Schematic representation of the positions 
and appearances of bSittle fractures observed 
in small diameter 90 bends. Bl, which is not 
shown, is a longitudinal brittle crack in 
either of the pipe sections (see Figure 4.18). 
Denotes an initiation site. 
FIGURE. 5.5 Short term rupture failure in a pipe 
system containing a 900 equal tee. 
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FIGURE {. 15a Scanning electron micrograph of a 
butt-weld fracture at the weld bead 
in ýi]JPr 1 showing variations in 
local ductility. 
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FICYURE 5.16a Circumferential butt-weld failure 
(?, 2 type 2) in an HDPF 1 pipe + 
batch A 900 equal tee system. 
(This mode of failure was the only 
type of butt-weld fracture observed 
in PTD ". 1 bend or tee systems .) 
FT UIR_' 5.1-6b Fracture surface of a T2 ty: ýe 2 
butt-weld interface failure in an 
HDPE 1 nioc + batch A 900 equal tee 
system. 
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FIsUR'E 5.18b Scanning electron micrograph of the 
mould core damage and T3 crack 
initiation site in an HDFL Batch A 
900 equal tee. 
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CHAPTER 6- RESULTS 
LARGE DIAIVETER PIPE SYSTEMS 
(160mm OD/SDR 11 HDPE and 18Cmm OD/SDR 1? MDPE) 
6.1 
6.1 INTRODUCTION 
The cost and size of the larger diameter pipe 
systems precluded a complete frequency response study 
as in the case of the smaller diameter systems, never- 
theless it was intended to obtain data relating to any 
obvious mechanical performance weaknesses which would 
expand the trends observed in the smaller diameter 
systems and lead to some possible generalisations in 
behaviour which could be of use to the design engineer. 
6.2 160mm OD SDR 11 HDPE1 Based- Pipe Systems 
6.2.1 Mechanical Performance and Failure Sites 
160mm OD HDPE 1 SDR 11 pipe systems produced from 
the same pipe and fitting material as used in the 63mm 
OD HDPE 1 SDR 11 pipes and the batch A fittings, were 
tested only under fatigue at a fixed loading frequency 
of 6 cpm (0.1 Hz), a maximum internal pressure of 1 MPa 
and at a temperature of 80°C. 
Behaviour was similar to that of the smaller 
diameter pipe systems in that a significant reduction 
in lifetime was obtained. Results are detailed in 
Figure 6.1. The bold lines show, for the purposes of 
comparison. the behaviour of the HDPE 1 63mm OD SDR 11 
pipe 
at the same temperature of 80°C and maximum internal 
pressure of 1 MPa. ' 
Using the same notation to describe failure sites 
as that used for the 63mm OD SDR 11 HDPE 1 systems the 
following brittle fractures were observed*: - 
Pipe and Welded Pipe Systems 
P1, P/P1, P/P2 Type 1 
900 Equal Tee Systems 
Ti, T2 Type 1, T4 (No T3 failures were observed) 
900 Bend Systems 
Bi, B2 Typo- 1 (No B3 failures were observed) 
Five pipe failures were recorded, four of which 
initiated from macrovoids in the pipe wall. (No small 
diameter pipes failed from inhomogeneities such as these 
during the course of the test programme. ) These voids 
6.2 
constituted a considerable weakness in the 160mm systems 
subjected to fatigue. The voids had a maximum dimension 
in excess of 2mm and the pseudo stress rupture lifetimes 
( -1 
FATIGUE) of pipes failing from such 
defects were 
between 3 and 6 hours with a mean lifetime of 4.6 hours. 
The fifth failure of the large diameter SDR 11 HDPE 1 
pipe was from a small particle lying close-to the inside 
surface, similar in size to that observed in the smaller 
pipe sizes. The pseudo stress rupture life for this 
failure was in excess of 50 hours, a similar lifetime to 
the 63mm SDR 11 HDPE 1 pipes for identical testing con- 
ditions. 
One failure was also recorded in a pipe-to-pipe 
butt-weld (P/P2 Type 1) with a 'E t FATIGUE value of 12 hours. 
It was a butt-weld fracture lying parallel to the pipe 
extrusion direction across the weld. 
Other significant weaknesses occurred at discon- 
tinuities present at those welds made between pipe and 
injection moulded fittings, 90° equal tees, 90° bends 
and stub flanges. Flow lines in the 90 
0 tee fittings, 
shown to good effect in Figure 6.2, also constituted 
a site (T4) of premature failure. 
The external appearances of typical examples of 
these observed failure sites are shown in Figure 6.3. 
In all cases the orientation of the fractures lay 
approximately parallel to the pipe extrusion direction. 
Comparison of the limited 160mm OD fatigue data 
with the 63mm HDPE 1 results presented in Figure 6.1 
demonstrates that under the same conditions of fatigue 
test the larger diameter pipe is more likely to fail 
prematurely. The main source of weakness in the systems 
was the existence of large voids in the extruded pipe 
sections, but in all cases a major stress concentration 
was responsible for failure, particularly in the form of 
notches formed in the weld beads joining the extruded and 
moulded parts. 
It is also interesting to note that the T4 failure 
site in the body of the tee fitting which was induced only 
by static loads in the smaller diameter pipe, was here 
caused by fluctuating internal pressures. There was no 
instance of a T3 failure which was the predominant' 
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fatigue weakness in the 63mm HDPE 1 and 2 based tee 
systems. Closer inspection after failure revealed that 
no T3 failure had even initiated in the 160mm fittings. 
6.2.2 Morphology and Fracture Surface Analysis 
(i) Morphology. 
Emphasis was given to the characterisation of morphological 
variations of the 160mm SDR 11 HDPE injection moulded 
fittings which exhibited pronounced changes in shape in 
the vicinity of butt-welds as a result of the welding 
process, further examples of which are shown in Figure 6.4. 
These stress concentrations are potential sites of 
premature failure and were also observed in the 63mm HDPE 
systems although they were absent in the 60mm MDPE 1 pipe- 
to-fitting welds. 
The method adopted for the morphological character- 
isation was to examine, with a light microscope, the 
surface of a bulk specimen prepared by planing with a 
sledge microtome fitted with a relatively blunt steel 
blade. Stress whitening of varying intensity was thus 
produced as the blade cut through the surface and such 
effects are considered indicative of changing microstruc- 
tural properties through the thickness of the article. 
Figure 6.5 shows an example of the type of surface 
produced by this method of preparation. In addition to 
the characteristic skin, two additional bands can be 
clearly seen, the presence of which will always be 
associated with a poorly developed weld bead, also 
clearly visible. The absence of these parallel bands 
would be closely allied with good weld bead formation. 
(ii) Fracture Surface Analysis. 
Four out of the five recorded fatigue failures in the 
pipe sections of the systems tested are shown in 
Figure 6.6. These low magnification micrographs indicate. 
that the single frequency fatigue test at 6.00 cpm 
produced surface features of similar proportions to 
those obtained in the HDPE 1 pipes, tested-under similar 
conditions. This is more-clearly seen in Figure 6.7 
which indicates the fracture surface aspect ratios L/h 
6.4 
(the longest dimension of the fracture surface in a 
direction parallel to the pipe axis divided by the pipe 
wall thickness) for the 160mm pipes overlaid upon the 
curves generated by the 63ma OD SDR 11 HDPE 1 pipes. 
There is close agreement at the given frequency of 
6.00 cpm. 
It is very obvious that the primary cause of failure 
was the presence of large voids, resulting in a dramatic 
reduction in measured lifetimes. - 
Fatigue markings DGB's are readily seen on 
the surfaces although the onset of the bands appears to 
be associated with the intersection of the growing crack 
with the pipe surface. 
There is also evidence to suggest that the prop- 
agation of the crack is affected by the underlying micro- 
structure such as flow lines introduced during the manu- 
facture of the pipes. 
Figure 6.8 shows typical low magnification micro- 
graphs of the other types of fractures observed in the 
160mm pipe systems. 
Scanning electron micrographs (Figure 6.9) exhibit 
even more clearly the features of the 160mm fractures 
particularly with respect to variations in local ductility 
which is evidenced by changes in the length of the drawn 
f ibril3. Fatigue markings are also shown to particularly 
good effect. Once again, however, there is little 
difference at these magnifications between the small and 
large diameter pipe fractures. 
6.3 180mm OD SDR 17 MDPE 2 BASED PIPE SYSTEMS 
Three systems of this type, comprising an injection 
moulded 90 0 equal tee, three extruded pipe sections and 
three stub flanges were fabricated and subjected to 
fatigue testing. 
Two specimens were investigated under conditions of. 
80°C, a test pressure of 0.61 MPa and at a frequency of 
6 cpm (4 seconds on load followed by 6 seconds at atmos- 
pheric pressure). 
A third sample was tested under conditions of 80°C, 
0.58 ? 1Pa at a frequency of 7.5 cpm (5 seconds on load and 
3 seconds off load). 
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The object of such experiments was to identify any 
major fatigue weaknesses in the systems either in the pipe, 
butt-welds or fittings and correlate the results with those 
obtained for systems fabricated from entirely different 
materials and of entirely different designs. 
At the time of writing the freedom to publish the 
specific results of the work carried out on the 180mm OD 
SDR 17 MDPE 2 pipe systems has not been granted since the 
company manufacturing the pipeline components have asked 
that the data remain confidential. 
It can be said, however, that failures at site T3 
in the body of the tee fittings have been observed. This 
proves that such fractures are not specific to one design 
and size of tee as thought possible after the data on the 
small diameter tee systems had been generated. 
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FIGURE 6.3a Example of the external appearance of a 
brittle fracture at a butt-weld between 
an injection moulded tee and extruded 
pipe (T2 type 1). 
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FIGURE 6.4a Weld bead discontinuity between an injection 
moulded bend and extruded pine. An internal 
weld line in the fitting- is also shown to 
good effect. 
FIGURE 6.4-b Weld bead discontinuities between an injection 
moulded stub flange and extruded pipe. 
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FIGURE 6.7 Comparison of fracture surface aspect ratios, 
L/h, for HDPE'l 63mm and 160mm OD SDR 11 brittle 
pipe fractures at 800C and. 4.93-MPa maximum 
pipe hoop stress. 
FIGURE 6.8a B2 type 1 fracture surface in 
HDPE 1 pipe. 
, "ýf' 
t -; i 
FIGURE 6.8b T2 type 1 fracture surface in 
IHDFE 1 -pipe. 
%.. )Il lilt 
FIG w 6.8c LI fracture surface in HDPE 1 Diva. 
. 10 
ýr ýj X5'1 
ýM1, . 
f, 
ý, ýl , 
mow 
.r. .a } 
F 
(/ý ( 
FIGUR 6.9a 
ocannin-y electron 
micro , ranh of a void '1. initiating fracture 
in an ID-? 1 pine 
let 
fir. 
FIG M 6.9b Scanning electron micrograph of an HOPE 1 
brittle pipe fracture indicating variations 
in fibril length and local ductility. 
FI U 6.9c Scanning electron micro rash of an 1-D=F 1 
brittle pipe fracture indicating variations 
in local ductility at a discontinuous 
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FIGURE 6.9a Scanning electron micrograph of an HJ: -- 1 
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growth bands. 
CHAPTER 7 
DISCUSSIONS, CONCLUSIONS AND FUTURE WORK 
7.1 
7.1 INTRODUCTION 
. The results recorded in previous chapters 
necessarily cover a wide range of pipe systems' perform- 
ance since the objectives of the project included a 
comparison of pipe materials subjected to three types 
of internal pressure test. The data thus generated has 
already. provided useful design information for polyethylene 
pipelines in the chemical process industries and it is hoped 
that this information gathering will continue. 
The discussion presented here, will concentrate 
upon specific areas of behaviour which have helped to 
provide an understanding of the mechanical performance 
of PE pipelines and the processes leading to instances of 
premature and potentially hazardous failures. 
It was only possible to evaluate the pipe systems' 
performances if analysis concentrated upon failures of the 
same general type, for example, brittle pipe section 
failures or circumferential failures at butt-welds between 
a pipe section and an injection moulded fitting. The effects 
of varying such parameters as frequency or internal pressure 
could then be readily compared. 
Under fatigue an essentially square-wave loading 
profile was applied to the-pipe specimens enabling a 
comparison to be made between fluctuating and the more 
commonly used static stress regimes. To accomplish this 
the previously defined parameters of Z SR and Z FATIGUE 
were utilised. 
The nature of the fatigue loading profile, with a 
fixed rate of pressurisation and time off load, enabled 
frequency variations to be achieved by altering tmax 
(the time during which the internal pressure is > 95% 
of the set maximum value). - Any physical property changes 
in the pipe materials due to variations in strain rate 
were minimised by the application of a fixed rate of 
pressurisation (125). The period of the fatigue cycle 
when the pipe systems were unloaded resulted in a 
constant recovery period and avoided the difficulties 
encountered when a sinusoidal loading profile is applied. 
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Such continuously varying waveforms produce different 
loading rates and times spent at lower stresses if 
frequencies are varied. 
By comparing 'L SR with 'C FATIGUE' at different 
frequencies, any weaknesses under fatigue could be readily 
observed. If T SR is substantially larger than 'CFATIGUE 
at any frequency, then the pipe system can be considered 
to exhibit fatigue weakness. 
7.2 SMALL DIAMETER PIPE SYSTEMS 
In Table 7.1, TSR and T FATIGUE (for the highest 
imposed loading frequency) for HDPE 1, HDPE 2 and MDPE 1 
are tabulated and the ratio of Z FATIGUE/SR (where t SR 
is the-mean measured stress rupture life) is determined. 
These ratios are substantially lower for HDPE 2 pipes 
compared with the HDPE 1 and MDPE 1 systems. This implies 
that HDPE 2 exhibits a fatigue weakness and will be, thus, 
discussed separately. 
The behaviour of the pipe systems subjected to 
fluctuating internal pressures can. be described using 
two failure criteria. Firstly that rupture is the result 
of the accumulated damage from the time during which a 
stress is applied or, secondly, from the number of loading 
cycles imposed. (Such an approach neglects the possibility 
of fatigue thermal melting. ) If a loading profile tending 
towards a square wave is applied to a pipe system then the 
number of cycles to cause failure can be predicted, based 
on cumulative damage principles. by utilising an equation 
similar to that quoted by Stapel (97) and stated in 
Chapter 2, namely 
Nf TSR. (2.21) 
tmax T, O 
where again 'LSR is the measured stress rupture life and 
tmax is essentially the time during any cycle when the 
load is-at a maximum, both at the same stress and 
temperature. Thus, by substituting in equation (2.21) 
the measured value for 'CSR a calculated value for Nf can 
be compared to the data obtained experimentally to aid in 
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the identification of an appropriate failure mechanism. 
Thus the use of simple parameters, such as ti SR,, 
T FATIGUE' and calculated and experimental Nf values, 
can allow significant fatigue weaknesses and appropriate 
failure mechanisms to be identified. 
7.2.1 Mechanical Performance of HDPE 1 and MDPE 1 Pipes 
Figure 7.1 shows, for HDPE 1 and MDPE 1 pipes, the 
calculated value of Nf compared with the experimentally 
determined values. Included in the HDPE 1 data are results 
obtained at two different internal pressures. 
For HDPE 1 pipe at the higher stress, Figures 4.20, 
4.21 and 7.1 highlight the following points. 
a. T FATIGUE T SR for the range of loading frequencies 
employed. 
b. The value of Nf depended critically upon'tmax 
(loading frequency). For instance, the mean value 
of Nf was increased by a factor of approximately 23 
as the frequency increased from 0.86 to 6 cpm 
(0.014 to 0.1 Hz). 
c. The measured values of Nf agree closely with those 
calculated from equation (2.21). 
Thus for HDPE 1 pipes pressure tested at 80°C 
and at higher stresses-(approaching the knee on the 
stress rupture curve but still resulting in brittle 
failures) the model; of fracture based upon cumulative 
damage principles is most applicable. The effect of 
the decreasing number of cycles to failure with decreasing 
frequency simply reflects the increasing value of tmax' 
It is possible to infer, therefore, that the significant 
damage to the pipe and brittle crack propagation from 
the inherent defect which initiated the crack, occurred 
during that section of the loading cycle when pressure 
and stress were acting. Application of the "Paris Law" 
of crack growth propagation (equation 2.22) would not 
therefore be effective in predicting system lifetimes. 
For the NIDPE 1 pipes and the lower pressure tested 
HDPE 1 pipes the experimental and calculated values for 
Nf begin to diverge. as shown in Figure 7.1. The deviations 
7.5 
or TFATIGUE and 'LSR which are clearly shown in 
Figure 4.20 also indicate that the description of 
behaviour using cumulative damage principles is 
becoming less applicable. This may be accounted 
for by the proposition that at lower stresses cracks 
propagate by a mixed mode with contributions from the 
actual application of stress (equation 2.22) and. ' 
the time during which the stress is acting (equation 
2.12). At high loading frequencies the application 
of the stress would induce the most damage since there 
would be little time for significant creep to occur 
during each cycle. 
Since B and b (equation 2.12) and D and d 
(equation 2.22) are material constants and not 
necessarily equal, then the divergence between ZSR 
and ZFATIGUE for the HDPE 1 and MDPE 1 pipes at 
lower stresses and higher frequencies may be accounted 
for. It would be expected, however, that 'C FATIGUE 
would tend towards T at the lower frequencies, 
as indeed it does, as the cumulative damage mechanism 
of crack propagation exerts a predominating effect. 
At the lower stresses, and for HDPE 1 pipes 
in particular, the testing time (Z TEST) increased 
markedly with increasing frequency. Figures. L 63 
and 4.64 indicated that peak melting temperature and 
the materials' crystallinity both altered during 
the course of a test. In addition the application 
of a stress increased the magnitude of this change. 
Therefore, since measurable and maybe significant 
changes in the-structure of the PE materials occurred 
between 10 and 200 hours at 80°C the lower stress 
tested pipe may have been essentially different 
from the higher stress tested material. This may 
also account for the divergence between ZFATIGUE 
and ZSR' 
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There is no clear pattern to butt-weld failures 
in either of the materials examined except that NDPE 1, 
exhibited a preference for butt-weld failures of a 
circumferential nature (P/P2 Type 2). There does 
appear to be some frequency effect causing MDPE 1 
butt-welds to have reduced tiFATIGLrE values with 
increasing frequency although this is not well 
defined. HDPE 1 welded pipe systems performed 
essentially as the straight pipe under both stress 
rupture and fatigue conditions. 
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It should be noted that both HDPE 1 and IIPE 1 
pipes-clearly met the manufacturers' specifications 
for stress rupture which were maintained under fatigue 
conditions with frequencies up to 7.5 cpm. The pipe to 
pipe butt-weld in HDPE 1 pipe systems does not appear 
to be a source of weakness if manufacturer's recommended 
conditions of temperature and pressure are used and 
the pipes are aligned correctly. This confirms work 
carried out by van Crombrugge (93) who concluded that 
this type of butt-weld. has a weld factor of 1. i. e. 
that it fulfills pipe requirements. 
The results obtained from MDPE 1 welded pipe 
systems would indicate that using conditions and 
equipment recommended by the manufacturers will 
result in a joint which is susceptible to fatigue 
loads of modest frequencies. Further work would be 
necessary to check whether or not these weaknesses 
are present at lower temperatures and other pressures 
but at this time a method of jointing 60mm OD SDR 11 
DZDPE 1 pipes other than mirror-plate butt-welding is 
recommended if such systems are to be subjected to 
fluctuating internal pressures. 
7.2.2 Mechanical Performance of HDPE 2 Pipe Systems 
Table 7.1 clearly illustrates that the behaviour 
of HDPE 2 pipes was very different from that observed in 
HDPE 1 and MDPE 1 and that for individual HDPE 2 pipe 
failures the values of ZFATIGUE(Pl)/ 1JR(P1) ranged 
from 0.06 to 0.18 and further the reduction in performance 
under fatigue was such that all values of TFATIGUE when 
compared with measured stress rupture data fell 
markedly on the shorter lifetime side, implying a 
fatigue weakness. Similar effects were not observed 
to the same extent for HDPE 1 and MDPE 1 pipes. 
If equivalent criteria are used to describe the 
lifetimes under fatigue of HDPE 2 pines as those applied 
to HDPE 1 and NDPE 2 pipe materials, it becomes immediately 
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apparent that HDPE 2 does not conform to a cumulative 
damage model. For instance, at 80°C and 1 DIPa internal 
pressure (a pipe hoop stress of 4.93 MPa) the mean 
measured stress rupture life for HDPE 2 pipes was found 
to be 898.8 hours. At a frequency of 7.5 cpm (0.125 Hz) 
equation (2.1) predicts the number of cycles to failure - 
to be nearly 3.24 x 106. Experimentally the mean number 
of cycles to failure under the same conditions were 
3.24 x 105. 
These PE pipes are thus exhibiting a clear fatigue 
weakness. Previous investigations into the response of PE 
pipes to fatigue or "intermittent creep loadings" found 
no weakness. The study by Lörtsch (92), far example, 
apnlied testing conditions of stress and temperature 
that would produce, under constant pressure, a ductile 
failure. Although not presented herein, work undertaken 
during the experimental programme revealed that if a 
pipe system, containing a known weakness under fatigue, 
is tested in both the ductile and brittle regions of 
the stress rupture curve, then only in a brittle region 
does the fatigue weakness become apparent. The results 
obtained by L5rtsch are, therefore, not surprising in 
that no fatigue weakness was identified. Similarly at 
low frequencies a fatigue weakness will not be observed 
since T. FAlIGUE, tends towards t,,;. 
The cause of premature. failure of the fatigue 
loaded HDPE 2 pipes can probably be attributed to either 
a true fatigue failure process or a tendency for a crack 
to start propagating very soon after the first stress 
application, or to some combination of these effects. 
Crack propagation can often be proceeded by a 
short craze which can reduce the value of K', the stress 
intensity factor at the crack tip and in effect acts as 
a crack blunting or material toughening agent. (90,116). 
However, the action of fatigue unloading may lead to 
the collapse and buckling of the crazed or damaged 
material. On reloading the ability of this material 
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to resist further cracking is reduced, hence the increased 
rate of crack propagation under fatigue loading. 
Increasing the frequency of stressing and collapsing 
of the crazed region inevitably leads to accelerated 
crack growth (32,96). 
This mode of'fracture is described by equation 
(2.22) in terms of da/dN. Under these circumstances 
the number of cycles to failure, Nf, should change 
little with reasonable alterations in tmax* 
Evidence from an examination of fracture surfaces 
raises the--possibility of-crack growth occurring-very soon 
after initial application of fatigue loads. The site of 
fracture initiation differed for HDPE 2 pipes depending 
upon whether-the testing mode was stress rupture or 
fatigue. The fractures resulting from fluctuating 
loads initiated in the highest stressed region, near the 
-pipe bore (see section 2.5.3), while under static pressure 
cracks were often found to have started near the centre' 
of the pipe wall. Since pipes contain internal stresses. 
residual from processing, and these exaggerate the differ- 
ence between the bore and the outside wall stress (9) to 
further favour fracture initiation at or close to the 
trine bore, then the initiation of brittle fractures from 
inclusions towards the centre of the pipe wall, when 
testing under constant pressure, supports the notion' 
that crack growth was delayed until internal stresses, 
were reduced by annealing. The short lifetime of the 
fatigue tested pipe may then simply be a result of 
early crack propagation. 
It is interesting to note that both HDPE 2 and 
DiDPE 2 pipes exhibited enhanced stress rupture' performance 
compared with either HDPE 1 or MYIDFE 1. For examine HOPE 2 
demonstrated a mean measured stress rupture life nearly 
fourteen times that of HDPE 1 pipes under identical con- 
ditions, see Figures 3.1 to 3.4. 
7.10 
Manufacturers have increasingly made efforts to 
improve stress rupture performance since thermoplastics 
pipelines are at present designed with respect to this 
form of data in spite of the fact that under many 
apvlications fluctuating internal pressures are experienced. 
The results quoted above indicate that improved stress 
rupture performance does not necessarily lead to improved 
fatigue performance. 
The butt-welded joint between two pipe sections 
in HDPE 2 did not exhibit any weaknesses under stress 
rupture and fatigue conditions at the temperatures and 
pressures imposed. In fact all fractures from fatigue 
tests occurred in the pipe section. 
The weld factor was therefore unity under all 
three loading modes of short term rupture, stress rupture 
and fatigue with frequencies in the range up to 7.5 cpm. 
Butt-welding of 63mm OD SDR 11 HDPE 2 (and 1) pipe only. 
systems is therefore considered a suitable and reliable 
method of jointing as long as the manufacturer's 
recommendations are closely followed. 
7.2.3 Macro-features of Fracture Surfaces 
Figures 4.31,4.32 and 6.6 show that for all the 
small and large diameter PE pipes tested, the overall 
shape of the brittle fracture was related to the imposed 
loading mode. Stress rupture testing produced fracture 
surfaces which were nearly symmetrical about the middle 
of the pipe wall and similar to those previously reported 
(83,126). Under fatigue the fractures tended to 
propagate preferentially along the pipe axis. This effect 
was observed in all the tested materials including those 
exhibiting a fatigue weakness such as HDPE 2, although 
the HDPE 2 fatigue fractures tended to be semi-circular 
rather than semi-elliptical as observed in HDPE 1 and 
MDPE 1 pipes. Other notable features, clearly shown in 
Figures 4.31 and 4.32 and summarised in Figure 7.2, 
included the increasing eccentricity of the crack front with 
increasing frequency, the apparent pinning of the crack 
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front on the inside wall of the pipe except for fatigued HDPE 2 
and the change in fracture mode close to the outside 
wall of the pipe. 
The preferential pinning of the crack at the 
pipe bore, when'ldaded under constant pressure, may be 
related to changes from plane stress to plane strain 
in moving from the pipe bore to the middle of the pipe 
wall. Such Dinning did not occur to the same extent 
under fatigue, Figure 7.2. This preferential growth 
of the crack along the axial direction of the pipe 
occurred in the fatigue resistant HDPE 1 and MOPE 2 
pipes as well as in the HDPE 2 pipes which were 
susceptible to fatigue loads. The effect is thus 
a function of the loading mode and is not related, 
apparently, to the material. (The larger diameter 
pipes exhibited crack shapes of similar proportions 
to the smaller diameter pipe fracture surfaces. ) 
This change in fracture shape with testing mode 
has two possible implications., Firstly, the fracture 
surface of a failed PE pipe could lead to an identi- 
ficiation of the loading mode which caused fracture. 
All pipe materials tested exhibited similar responses 
with loading mode and frequency, Figure 4.33. Secondly, 
the stress intensification at the tip of a growing 
crack is a complex function of many variables. The 
influence of the crack shape, in terms of dep"cn to 
length, on the-stress intensification has been widely 
recognised (128). As the crack shape changes from 
semi-circular (the ratio of the crack depth to the 
crack lengthy along the pipe is equal to Z) to that 
characteristic of fatigue (the above ratio is less 
than the stress intensification increases and 
therefore the lifetimes of pipes having elongated 
fracture surfaces should be less than those with 
semi-circular crack shapes. 
If crack shape is to influence lifetime, then, 
the differences in shape after final rupture of the 
pipe must also be present as she crack grows. The 
appearance of stress rupture and fatigue fracture 
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surfaces for part ruptured pipe together with the 
DGB's on HDPE 2 pipe, Figure 4.32, support the 
contention that for significant fractions of the 
total wall thickness of the pipe, the crack shape 
was characteristic of the loading profile. It must 
be noted that most of the pipe lifetime is spent 
while the crack is still too small for any meaningful 
information regarding its shape to be obtained. 
In addition, there was no evidence to indicate that 
the inclusions leading to fracture in the fatigue 
tested pipe were any different with respect to 
position, size or shape from those found in stress 
rupture tested pipe. Thus, the initial shape of 
the growing fractures would appear to be similar 
under both loading modes. It can be inferred, then,, 
that pipe lifetimes are not significantly influenced 
by the fracture surface shape. 
The change in fracture mode in the final 
progress of the crack, from stable crack growth 
exhibiting only localised drawing and fibrillation 
to one of tearing and macroductility. can'possibly 
be a result of the increase in hoop stress at the 
crack tip with increasing crack depth as shown in 
Figure 7.3. At some point the yield stress of the 
material. at the testing temperature is ex.; eeded, 
plane stress conditions will predominate and the 
remaining material in the pipe wall will deform 
on a macroscale. 
The observation that discontinuous growth bands 
(DGB's) were observed on fractures of HDPE 2 and b'IDP 2 
pipes but were absent on HDPE 1 and MDPE 1 fracture 
surfaces may be related to differences in molecular 
weights. Laghouati et al (32) found that a high 
molecular weight sample (Pfw = 200,000) of HDPE 
exhibited a discontinuous propagating mechanism 
by the presence of several crack arrest lines, 
whereas low molecular weight HDPE materials with 
Rw not exceeding 72,000 did not produce surfaces 
with DGB's. 
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One method of improving stress rupture life is by 
an increase in Tdw and since HDPE 2 has a significantly 
improved stress rupture performance compared with HDPE 1 
the DGB's observed on HDPE 2 pipe fracture surface'may well 
be a result of increased-molecular weight. For the materials 
which form DGB's on fracture surfaces the mechanisms 
proposed by Laghouati et al (32) of large scale void 
formation in-the plastic zone at the crack tip would 
appear to be the more applicable theory compared with 
that described by McEvily et al (116) which was also 
preferred by Cowley and Wylde (20). 
, 
7.2.4 Micro-features of Fracture Surfaces 
(i) Mode of Fracture. 
Most fractures obtained at the test temperature of 80°C 
would be classed as quasi-brittle (127) since they appear 
flat and brittle with localised ductility only on a micro- 
scale except that is in the last progress of the crack 
where gross yielding and macroductility were in. evidence. 
The ductility varied considerably across a surface 
usually increasing with distance from the initiation 
site with the drawn fibrils exhibiting a distinct 
directional bias. The voids left behind also appeared 
to vary in size but were generally in the range 5- 30 um. 
The so-called quasi-brittle mode of fracture has 
been shown (127) to occur under plane strain conditions 
in;. the interior of pipe walls at reduced stresses (below 
the "knee" on the stress rupture curve) and at lower 
temperatures. 
The scale of features produced in the drawn regions 
(5 - 30 pm) although of the same order as expected 
spherulite sizes (N l pm) they nevertheless tend to 
be somewhat larger. Measurements were made difficult, 
however, due to the masking effect of fibrillation. 
In general the cracks in pipes subjected to 
pressures below the knee in the stress rupture curve at 
80°C nucleate from defects close to but not necessarily 
at the inside surface of the pipe. The crack enters a 
period of slow stable crack growth evidenced by void 
formation and fibrillation due to crazing. Conditions 
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towards the centre of the pipe wall are predominantly 
plane strain which accelerates crack growth. As the 
crack approaches the outer surface of the pipe plane 
stress conditions become more important and the fibril- 
lation is lost in gross yielding and ductility. There 
appears to be no substantial evidence for fast crack 
growth in the final stages of propagation possibly 
because of the elevated test temperature but also the 
material fracture toughness may increase to such an 
extent that yielding becomes the only possible rupture 
mode. 
(ii) Character and Origin of Crack Initiating 
Particles. 
Scanning electron microscopy enabled the sites of fracture 
initiation to be clearly identified and by using energy 
dispersive x-ray techniques such crack initiators could 
be elementally characterised. This sort of evidence 
enabled suggestions to be made as to the origin of the 
particulate crack initiators. Once the origin is known 
steps can be taken to ensure that the occurrence of such 
particles in the pipes is reduced by appropriate methods. 
This is especially important since the pipes under test* 
could fail prematurely from internal defects when 
subjected to fluctuating loads (see section 7.2.4. (iii)). 
It is therefore essential that pipes are as free from defects 
as is practically possible. 
Table 7.2 summarises the main types of particles 
observed to initiate fractures, the range of particle 
sizes and the materials-within which they were-generally 
observed. Possible origins and means of elimination are 
also tabulated. 
A significant number of metallic inclusions 
contained iron, nickel, chromium and in some cases 
titanium or molybdenum. These elements are all con- 
stituents of certain grades of stainless steel (those 
containing Fe, Cr and Ni only are designated grade 304, 
those where Fe, Cr, Ni and Ti are present are usually 
grade 321 while Fe, Cr, Ni and Mo are constituents of 
316 stainless steel). Such defects could originate 
from processing equipment, from accidental contamination 
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of the polymer feedstock or may have been present within 
the polymer. granules from the outset. In general the 
stainless steel inclusions were found closer to the inside 
wall of the pipes indicating that they may result from an 
abrasion process occurring between the polymer and the 
manufacturing equipment surfaces. 
Calcium rich particles are almost certainly 
polymer lubricants which are added to HDPE 
during processing to improve melt flow properties. 
The chemical helps in creating high internal shear which 
imparts good physical properties to the finished product. 
Other workers (126) have found agglomerates of calcium 
stearate in HDPE pipes and look very similar to those 
obtained in Figure 4.42. When analysing calcium based 
particles care was taken to distinguish between an actual 
inclusion within the pipe material and calcium carbonate 
particles which may have been deposited on the fracture 
surface, near the initiation site,. by the water used 
for testing the pipes. 
The particle initiators which failed to produce 
elemental traces on their x-ray spectra are considered 
to be carboniferous in nature. Such material may be 
unpiasticised or degraded polymer, particles of 
agglomerated pigment or filler or perhaps other forms 
of organic matter-such as plants or insects The presents 
of only carbon, hydrogen and perhaps oxygen would be 
consistent with the fact that no elemental peaks were 
observed. The analysis equipment was unable to detect 
elements with atomic numbers of sixteen or less. It is 
interesting to note that for HDPE pipes these carbon- 
iferous particles were in general larger than the 
metallic or calcium rich initiators and tended to have 
extremely angular shapes. 
Apart from obvious precautions taken to keep the 
polymer feedstock free from contaminants and the 
processing equipment clean there would seem little else 
possible to eliminate significant quantities of the 
inclusions described above. A more abrasive resistant 
interior to the extrusion equipment may reduce the 
? "1? 
presence of some metallic particles. More homogeneous 
mixes of molten polymer and pigments, or other additives, 
should also help. Assuming that particles may still be 
present within the polymer, however, a melt filtration 
system could be used on the extruder to reduce and hopefully 
eliminate all remaining particulate defects. Although 
there would be practical difficulties associated with 
such filtering systems the removal of a significant 
fraction of inclusions should result in an immediate 
improvement in stress rupture and fatigue performance 
of the finished pipes. 
Since calcium rich particles have initiated a 
significant number of fractures in the HDPE 1 and 2 
pipes a further improvement in mechanical behaviour 
may be observed if lubricants other than calcium 
stearate are utilised in the process melt. 
(It should be noted that the water in which the 
pipes were tested contained lime, iron, potassium, 
copper and zinc among other substances. 'It was 
particularly important therefore, to identify inclusions 
specifically associated with fracture initiation, 
preferably embedded in the polymer, and not to analyse 
surface deposits originating in the test water. To 
satisfy this requirement two x-ray spectra were obtained 
for each specimen, one at the initiation site and one 
remote from this area, both at the same magnification. 
When the remote spectrum was, in effect, subtracted 
from the inclusion spectrum the remaining peaks were 
considered to be associated with elements in the crack 
initiating particle. ) 
(iii) Effect of Inclusions on Pipe Lifetimes. 
Equation (2.15) predicts that the size of a particle 
initiating fracture controls the lifetime of plastics 
pipes under static load, assuming that crack growth is 
described by an expression of the form as in equation 
(2.12). A correlation was therefore sought between 
the size of. the crack initiating particle and some 
measure of pipe lifetime. 
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For HDPE 1 pipes, only a limited number of stress 
rupture results were obtained, so for a more complete 
analysis, data from fatigue tests were incorporated. 
This was possible since HDPE 1 was shown to behave in a 
manner described by cumulative damage principles, section 
7.2.1. However, there was a small reduction in performance 
with increasing frequency as shown in Figure 4.20. To 
accommodate this reduction, the lifetime of a given pipe 
is expressed in, relation to the mean lifetime of that 
test (conducted at a given pressure and with the same 
loading form and frequency) of which it was part. The 
data point is thus expressed as TSR/ 7SR or 
TFATIGUE/ 1 FATIGUE where 'L 
is the mean lifetime, under 
stress rupture or fatigue, of the group of pipe samples 
of which I is the lifetime of one. 
Various plots were made of the "normalised" life- 
time factors against the size of inclusions leading to 
fracture (ao), using different measures of particle 
dimensions (for example, the maximum size, or the extent 
of the particle along and perpendicular to the pipe axis). 
The best fit was obtained on a log (t /"G) against a log 
(ao) plot, where ao is the maximum inclusion size in the 
plane of the fracture surface irrespective of direction. 
The data is presented in Figure 7.4, where the sample 
size of. 22 gave a correlation coefficient of -0.49. 
The preferred log-log relationship between 'L /'L and 
ao infers that the values of 'LSR or t FATIGUE can best 
be predicted by using the fracture mechanics approach, 
as applied to various PE's by Gray et al (2,79) even 
though the number of cycles to failure, N. is accurately 
predicted by cumulative damage principles. The negative 
correlation coefficient confirms the dependence of pipe 
lifetime on initiating particle size as described by 
equation (2.15). Increasing the size of the initiating 
particle reduced the pipe lifetime. 
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.. A value for b in equation (2.15) can be obtained 
from the slope of the plot in Figure 7.4. This was found 
to be approximately 2.36, a value which is close to figures 
for b obtained from similar PE materials, as measured by 
crack propagation studies conducted by Gray and his co- 
workers (2,79). Allowing for variations in particle 
positions and shapes the agreement seems reasonable. 
In addition, for particle sizes in the range 200 - 1000 pm, 
the calculated values of KC of 0.14 to 0.30 MN m-3/2 for 
a hoop stress of 4.93 MPa and a semi-elliptical flaw, are 
within those at which measurable crack growth occurs for 
similar PE's (2,79). The majority, 55%, of the particles 
initiating fracture in the relatively short lifetime HD? E 1 
pipes were angular in nature. It may well be that these 
angular inclusions are of the required size and shape to 
enable a crack to grow almost immediately upon the 
application of a stress. With other types of inclusions 
a considerable initiation period may be necessary to enable 
sufficiently sharp flaws to develop and so allow a crack 
to propagate according to fracture mechanics principles. 
Other plastics pipe materials may not, however, exhibit 
the same responses to included defects and no straight- 
forward relationships could be found for the other PE 
materials tested. 
A difference exists between work reported here 
and the results obtained by Gray et al (2,79) on the 
fracture of PE pipe, that is with respect to the-siie 
of crack initiating particles. Gray and his co-workers 
predicted stress rupture lifetimes using initial defect 
sizes in the range 10 - 106 pm whereas Figure 4.43 shows 
that the measured particle sizes are considerably larger, 
in the range 100 - 500 pm. The difference may be due to 
a delay in the start of crack growth, an incubation 
period, or in the value of the geometrical parameter Y 
(see equation 2.13). Gray et al assumed the shape of 
the growing crack to be semi-elliptical (2,79). 
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Figure 4.31 indicates that this is not always the case. 
Thus if Y had a smaller value, or there was a significant 
incubation period, then the particle size required to 
initiate fracture may have to be put at a higher value 
and then the differences may be explained. 
7.2.5 Material Property Changes During Pressure Testing 
Figures 4.63 and 4.64 highlight selected property 
changes in material structure, with testing time at 80°C, 
as measured by DSC. The properties examined were 
crystalline melting temperature Tm and DSC measured 
crystallinity. Any variations in mechanical performance 
of pipes subjected to longer testing times, (for example 
at higher fatigue frequencies) would then be partially 
explained by changes in material properties. 
However, HDPE 1 pipe subjected to a pipe hoop 
stress of 3.8 MPa, a temperature of 8000 and a frequency 
of 6 cpm demonstrated aI TEST value of approximately 
400 hours and a IFATIGUE value of 80 hours. The same 
pipe material under the same conditions of temperature 
but held at a static hoop stress of 3.8 MPa produced a 
It 
SR value of 320 hours. The subsequently measured Tm 
and crystallinity values of both pipe materials showed 
no statistically significant variation. In other words, 
the crystalline melting temperatures and crystallinities 
were essentially the same after similar periods at 8000 
although the mechanical performances described by TSR 
(320 hours) and ZFATIGUE (80 hours) are very different. 
It seems unlikely therefore that the reduction in fatigue 
performance of the HDPE 1 compared to stress rupture at 
the same conditions was due to variations in the material 
properties of crystallinity and melting temperature. 
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The general increases in Tm and crystallinity are in 
themselves interesting. The shift of the DSC peak to higher 
values of Tm with increasing time at 80°C'suggests that a 
more ordered and stable crystal structure is forming. 
Tm is related to the thickness of crystalline lamellae L. 
(assuming no surface contributions) b'r. the 'expression 
Tm = Tmo 1 Constant (7.1) 
LC 
where Tm = Tm° when Lc is infinite or Tm° is the 
equilibrium melting temperature for a crystal of infinite 
thickness. As the lamellae thicken so more material is 
drawn from amorphous areas into the ordered crystalline 
regions of the_nolyrner. Hence crystallinity will also 
increase as well as Tm (35v 39,40). In practice an 
increase in crystallinity will result in a decrease in 
fatigue crack propagation (94. ) and an increased resistance 
to creep deformation (4). Thus in general as crystallinity 
(and Tg and Tm) increases so lifetimes of thermoplastics 
pipe systems should be extended. 
There is also an increased effect upon Tm and 
percent crystallinity when a pipe sample is pressurised 
compared with the purely aged samples. A certain amount 
of stress crystallisation would therefore seems to be 
occurring in the materials examined. 
7.3 SMALL DIAMETER PIPE SYSTEMS CONTAINING INJECTION 
MOULDED FITTINGS 
7.3.1 Mechanical Performance of HDPE 1 Pi-ne + Batch A 
200 Equal Tees and 900 Bends. 
In fatigue testing the imposition of intermittent 
internal pressure loading resulted in a trend to decrease 
the Z FATIGUE values, with 
increasing frequency, of pipe 
systems containing the batch A HDPE injection moulded 
tees and bends. In all cases fracture was-associated 
with a defect residual from processing which induced 
premature failure itself or indirectly caused fracture 
by adversely affecting the butt-welded jointbetween 
HDPE 1 pipe and a batch A fitting. 
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The 900 equal tees exhibited two types of moulding 
defects which became active sites of failure under different 
conditions. The first was associated with the extraction 
of the mould core which resulted in a very ragged internal 
surface appearance and notch in a localised area near the 
intersection of the tee branch arms. This is shown clearly 
in Figure 5.18. The second was butt-welded to a pipe 
section. An internal weld line within the fitting and 
running parallel to the pipe axis along the spine of the 
tee, Figure 5.3, caused a discontinuity to develop in the 
butt-weld. A feature previously observed in 160mm 
OD SDR"ll HDPE pipe systems (20). At reduced fatigue 
frequencies (<2 cpm) this discontinuity in the butt-weld 
became an active failure site (T2 type 1), see Table 5.1. 
Under static internal pressure the internal weld 
line of the tee proved to be a site of fracture (TL. ) when 
the pipe to which it was joined, HDPE 2, had a stress 
rupture life in excess of the tee fitting itself. This 
was in spite of the fact that the tee is about 50% thicker 
than the pipe at site T4. Thus under both fatigue and 
stress rupture conditions this internal weld line in the 
HDPE batch A 900 tee proved a weakness compared with the 
pipe to which it is joined. 
When subjected to fatigue frequencies in excess 
of 2 cprr. (and occasionally less) the predominant mode of 
fracture in the batch A tees was at site T3. This mode 
of fracture produced a well defined correlation between 
TFATIGUE values and frequency, with 'LSR values for 
HDPE 1 pipe and T FATIGUE values for tees becoming 
increasingly divergent with a modest increase in frequency 
from 2 cpm to about 8 cpm at the same temperature and' 
maximum pipe hoop stress. Clearly a well defined fatigue 
weakness has been demonstrated and is shown quantitatively 
in Table 7.3. 
By comparing experimental values for the number of 
cycles to failure of the tees at different frequencies 
with those predicted from equation (2.21) some idea of. 
the failure mechanisms at work can be obtained. Table 7.4 
presents the actual and predicted Nf values for the 
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(t_. 
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batch A tees at 80°C and 4.93 MPa»maximum pipe hoop stress 
for the various test frequencies. It is clear that only 
as the frequency drops and stress rupture conditions are 
approached does the cumulative damage mechanism begin to 
describe how fracture is occurring since predicted and 
experimental values are closer at these lower frequencies. 
In other words the time for which the stress acts during 
a loading cycle. becomes more important than the application 
of the stress at reduced frequencies. The creep sensitivity 
of the material is apparently increasing under these con- 
ditions. As frequen--y is increased so a greater number of 
cycles are required to cause fracture, hence the mechanism 
cannot be cycle dependent which would produce a linear 
relationship of Nf against frequency parallel to the 
frequency axis. Once again the fracture mechanism is not 
well defined but crack propagation would appear to be by 
a mixed mode as discussed in section-7.2.1. 
The batch A 90° bends also induced discontinuities 
to develop at butt-welds made with extruded pipe sections. 
These were again associated with what appeared to be 
internal weld lines and surface defects on the mouldings, 
termed mould parting lines. In all cases of B2 Type 1 
fractures these discontinuities provided the sites of 
failure. 
In fatigue conditions -the moulding itself was not a 
source of weakness except indirectly since, as mentioned 
above, the butt-welds proved to be so. The effect of 
increasing frequency on the bend systems caused similar 
reductions in 'FATIGUE values as those observed in tees, 
see Figure 5.13. 
Fittings and butt-welded joints between extruded 
pipe and injection mouldings are, based on the evidence 
presented in Chapter 5, particularly susceptible to 
premature failure (compared with pipe stress rupture life) 
when subjected to fluctuating loads of modest frequency 
(< 10 cpm). In general fatigue testing will isolate 
weaknesses in systems which are not apparent: at all 
in short term rupture tests and only occasionally in 
stress rupture. tests. In fact the T3 fracture was only 
observed under fatigue conditions. -Since certain weak- 
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nesses in thermoplastics pipe systems can only be demonstrated 
under fluctuating internal pressures it is particularly 
important that more fatigue data is generated to enable 
engineers to design systems with reasonably predictable 
service lives, not solely based on stress rupture 
performance and so reduce. the occurrences of premature 
failure. 
The design of moulds used to fabricate bend and tee 
fittings'must also take account of the fact that certajn 
inherent defects remain in the moulded article after 
manufacture and could impair physical and mechanical 
properties. Thus the gating systems and conditions of 
processing must be selected to ensure the development of 
an appropriate microstructure which effectively removes 
sites for crack initiation and also helps to limit the 
rate of propagation once a crack has started to grow. 
Other more straightforward improvements can be made if 
surface defects such as notches and/or mould parting 
lines are eliminated. This could be achieved by careful 
machining and maintenance of the moulds themselves and 
their cores. (It is interesting to note that similar 
failures under fatigue conditions have been observed to 
start from surface notches on the inside wall of poly- 
vinylidene fluoride (PVDF) tees. ) The remarks above 
are related to HDPE batch A tees and bends and cannot 
be taken as indicative of the quality of mouldings made 
from other materials or designs. However, Falbe and 
Richter (129) have indicated that the performance of 
pipe fittings in general depends to a large extent on 
the production methods and production history of the 
components involved. ' 
It should further be noted that only under fatigue 
conditions did some of the weaknesses in mouldings become 
apparent. Such results concur with the conclusions 
reached by Jacobi (108) that short term tests and long 
term tests under constant internl pressure are unsuitable 
to characterise completely the mechanical performance of 
injection moulded thermoplastics pipe fittings. 
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7.3.2 Mechanical Performance of HDPE 2 Pine + Batch B 
90° Equal Tees and 900 Bends- 
Comparison' of ZSR and t ATIGUE values for HDPE 2 
pipe with -C FATIGUE values for batch B 90° equal tees over 
the same range. of frequencies (0.86 - 7.5 cpm) as presented 
in Figures 5.9 - 5.11 immediately indicates a significant 
fatigue weakness, reflecting similar behaviour observed 
in the batch A 900 equal tees. A measure of the level of 
reduction in lifetime when the test mode changes to fatigue 
from stress rupture is presented in this example. At 80°C 
test temperature, 3 MPa pipe hoop stress and 7.5 cpm 
fatigue' frequency the Z FATIGUE value is reduced to 14 
hours compared with the manufacturer's TSR of approximately 
3000 hours for brittle failure in HDPE 2 pipe, at site P1, 
under the same conditions of temperature and pipe hoop stress. 
This is a reduction of nearly 215 times and confirms under 
a much wider range of stresses and frequencies the previously 
reported-aggressive nature of fatigue loading on lifetimes 
of thermoplastics pipeline systems (20). 
A. limited amount of work has also been carried out 
on these systems at 60°C and has resulted in a similar 
trend of reducing lifetimes with increasing frequency. 
The site of fracture initiation of all failures in 
the batch B tees subjected to intermittent loads was 
identical with that of batch A tees at site T3. This is 
not surprising since as far as-it was possible to ascertain 
the design of both types of fittings was identical and they 
were probably manufactured with the same moulds. The batch 
B tees were made of a different HDPE resin however. 
Work on other polyolefin pipe systems of different 
designs and sizes has also revealed that under fatigue 
conditions tee body fractures at site T3 occur at times 
which are grossly reduced compared with pipe stress rupture 
lives. It is clear then that the T3 fracture under fatigue 
is not specifically related to one design, size or. thermo- 
plastic material but in fact can occur almost independently 
of the aforementioned variables under certain fatigue 
conditions. Such behaviour may well prove to be a 
potentially serious problem Darticularly in the chemical, 
process industries where the likelihood of fatigue loadings 
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occurring at frequencies less than 10 cpm is quite high. 
It is believed that as moulding techniques and 
fitting designs are-improved the defects, microstructural 
or otherwise, will be essentially eliminated. At the 
present time a knowledge of the behaviour of such defects 
will be of particular use to the design engineer who will 
be able to allow for the reduced performance under certain 
conditions of internal pressure. Once such defects have 
been eliminated the results of Chapter 5 indicate that 
the butt-welded joint between the 90° tee and, the extruded 
pipe will then become the active site for premature failures. 
The data presented in Figures 5.9 and 5.11 indicate 
that as the maximum internal fluctuating pressure is 
reduced the t FATIGUE values for the batch B tees tend 
to approach the material manufacturer's stress rupture 
curve. Tests are still being undertaken to identify the 
presence of a possible practical fatigue limit which would 
obviate the need for additional fatigue design factors at 
these loads. Figure 5.10 clearly demonstrates that the 
slopes of the log (hoop stress) against log (T FATIGUE) 
plots are not parallel either to each other or the brittle 
rupture curve of the manufacturer's stress rupture data. 
A constant design factor related to the frequency of 
operation is not therefore applicable at any given maximum 
pressure. 
It is evident from Figure 5.12 that the mode of 
fracture changes from a purely cycle dependent process 
at a pipe hoop stress of 4.93 MPa, zone of the highest applied,, 
to"-a. mixed mechanism as the applied maximum stress is 
reduced. The behaviour of the batch B 90° tees at the 
highest stress is clearly shown to be frequency independent 
in the range of frequencies examined and crack propagation 
rates should be determined solely by the Paris equation 
(2.22). Figure 7.5 shows clearly the difference in 
predicted Nf values for batch Btees at 4.93 N; Pa pipe 
hoop stress based on equation (2.21) compared with actual 
performance. Two extreme mechanisms are depicted here on 
the one diagram. Equation (7.1) would thus be inapplicable 
to this case. As pipe hoop stresses are reduced the effects 
of crack propagation during the load-on part of the fatigue 
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cycle become more important as the creep sensitivity of 
the material increases and the Nf values at the same 
pressures but different frequencies diverge. Cumulative 
damage or effects due to creep are thus affecting the 
crack propagation although not significantly since 
predicted Nf values would produce figures much higher 
than those actually observed. It should be noted, 
however, that the TSR figures used in equation (2.21) 
are those obtained for pipe and not for the fittings 
themselves. 
Another interesting Doint is that the shapes 
of the Wähler curves presented in Figure 5.11 are 
different at different frequencies. Two of the curves, 
those at frequencies of 1.57 cpm and 4.29 cpm, are 
sygmoidal and bear close resemblance to those obtained 
for uPVC and ABS pipes (97,107,130). At a frequency 
of 7.5 cpm the batch B 900 equal tees exhibit an 
approximately linear relationship between log (Nf) 
and log ( OH ). Assuming the conditions for the 
application of equation 2.25 are fulfilled then a 
value for the material constant d in the fatigue crack 
growth law, equation 2.22, can be calculated and is 
found to be 3.71. This compares favourably with 
many polymers (94) and metals (114) where fatigue 
crack growth is controlled by the stress intensity 
factor range (131). Such a result infers that the 
brittle fracture of batch B 900 equal tees under 
fatigue at a frequency of 7.5 cpm and subjected to 
a pipe hoop stress range of 4.93 DIPa can be described 
by equation 2.22, the Paris law, whilst at lower 
frequencies and stresses, on the brittle fracture 
curve, cumulative damage principles such as equation 
2.21 are more applicable. 
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Discussion of the performance of HDPE 2 pipe 
+ batch B injection moulded fittings has so far been 
related to the most dramatic and well defined decrease 
in system lifetime under fatigue. Table 5.5 indicates 
that systems containing 900 bends can also exhibit 
reductions in ZFATIGUE of nearly seventeen times 
compared to measured stress rupture lifetimes 
(about a ten fold reduction in lifetime compared with 
manufacturer's stress rupture data). The site of 
fracture for the bend systems always lay in the 
mirror-plate butt-weld (B2 Type 1) and was always related 
to a discontinuity of-the weld bead. Such defects 
arose from the same sources as indicated in section 
7.3.1, i. e. from internal weld lines and mould parting 
lines. 
Since tests have been conducted on more than 
100 pipe to pipe mirror-plate butt-welds in HDPP under 
stress rupture and fatigue loading using a variety 
of internal pressures and frequencies and no weaknesses 
have been identified, this would indicate a sound 
welding technique and the failures observed between 
900 bends and extruded pipe are due to the inhomo- 
geneities introduced into the joint by the process 
of butt-welding extruded pipe to injection moulded 
fittings. 
The type of weld defect observed in the bend 
systems which caused premature fracture under fatigue is 
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also present in the butt-weld joining HDPE 2 pipe to 
batch B 900 equal tees. For the batch A-tees this site 
became active at fatigue frequencies of 2 cpm or less. 
A similar activation could occur in the batch B tee 
systems once the T3 fracture site under fatigue is 
eliminated by improved mould design and/or microstructure. 
It appears that improved mechanical performance 
of pipe systems containing injection moulded fittings 
subjected to a variety of internal p ressure profiles 
will involve a process of progressive removal of moulding 
defects. 
Results of tests conducted to examine the influence 
of a combination of stress rupture and fatigue loads on 
the batch B tee systems revealed that the mechanism or 
defect leading to fracture at site T3, under fatigue is 
considerably less active under static loads. The apparently 
beneficial effect of placing a previously fatigued sample 
under a static internal load may well be explained by a 
crack blunting or material toughening model, that is, 
the value of K at the crack tip may be reduced. 
7.3. ý Mechanical Performance of MDPE 1 Piüe + Batch A 
90° Equal Tees and 900 Bends 
In a similar fashion to the behaviour observed in the 
HDPE systems, the performance of : MIL l pip e systems containing 
injection moulded fittings was substantially reduced compared 
with measured or manufacturer's stress rupture data. There 
was a particular weakness in the butt-welds joining extruded 
wipe to moulded fittings which became active whether the 
testing mode was stress rupture or fatigue. The limited 
number of test specimens precluded the possibility of 
testing under short term rupture conditions. Consistent 
with previous results, fatigue demonstrated that it was 
the most aggressive loading mode and in one case a 
'CFATIGUE value of 0.84 hours was obtained at a pipe hoop 
stress of 4.93 MPa, a temperature of 80°C and a fatigue 
frequency of 7.5 cpm. This represented a reduction of 
about 160 times compared to the mean measured stress 
rupture life of the pipe at the same hoop stress and 
temperature. 
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The particularly poor performance of the butt-welded 
joints between pipe and fittings prevented identification 
of any weaknesses under fatigue or stress rupture within 
the body of the mouldings. 
The method of butt-welding 60mm OD SDR 11 TOPE 1 
pipes and pipe systems containing injection moulded fittings 
is, therefore, not recommended at the present time. It 
should be noted that the standard of butt-welding used to 
fabricate the MDPE 1 samples was deemed by the suppliers 
and by British Gas to be entirely satisfactory. ' 
7.3.4 Fracture Surface Features 
The T3 failure initiation site in both HDPL pipe 
+ batch A and batch B-900 equal tees has been clearly shown 
by scanning electron microscopy, Figure 5.18, to occur at 
the area adjacent to the inside wall of the tee branch arm 
and be associated with damage induced by the retraction 
of the mould core (an effect also observed on PVDF tee 
fittings). Marked changes in surface morphology of both 
types of tee fracture surfaces are evident at different 
frequencies and internal pressures. Higher stresses 
induce a surface which exhibits a great deal more 
fibrillation with the long highly drawn strands bending 
to mask underlying structure. A result possibly of a 
more rapid crack growth such as that observed in the 
latter stages of pipe fracture. A similar highly drawn 
surface is observed at higher loading frequencies. The 
surfaces obtained. from conditions of highest stress and 
frequency show the most drawn and ductile appearance, 
Figure 5.25. 
The converse is also true, in that reduced internal 
pressures and frequencies will result in surfaces of a 
more brittle nature although on a microscale localised 
drawing is still evident. The crack growth would appear 
to be by a mechanism of craze formation with voids being 
left behind surrounded by drawn material; the diameters 
of the voids are similar to HDPE pipe lying in the range 
5- 30 pm (possibly spherulite size). 
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A change in the mode of fracture is observed just 
prior to the crack breaking through to the outside wall 
of the tee. Again there is evidence for gross yielding 
and macroductility which presumably occurs due to the 
predominance of plane stress conditions in this region. 
The remainder of the crack being controlled mainly by 
plane strain. 
Marked changes in microstructure through the thick- 
ness of the moulded tee are also observed, Figure 5.19, 
and in some cases discontinuous growth bands normal to 
the crack propagation direction occur together with 
concentric bands which are postulated to result from 
polymer flow during processing and are thus rrobably 
related to the fitting microstructure and not to the 
fracture process. 
A knowledge of the conditions which produce such 
surfaces can be very useful for fractographic analysis 
of service failures. It should again be possible to 
estimate the conditions of fatigue frequency and loading 
if these particular fractures occur and since failures of 
this sort can be produced in a variety of pipe materials 
sizes and designs of tees with very similar features to 
those discussed above, the information should be widely 
applicable to the polyolefinic pipe systems field at least. 
The initiaticn site for Type 1 butt-weld failures 
were associated'with butt-weld defects and appeared to 
grow from the notch formed between the fitting and the 
weld bead which showed maximum deformation on the inside 
wall of the system. The features of butt-welds were shown 
up after the crack had passed across them with heat 
affected zones, the weld interface and differences 
between extruded pipe and injection moulded fittings 
clearly demonstrated. On a microscale features of 
localised ductility and voiding due to craze formation 
were again apparent with the ductility varying with 
distance from the initiation site'and position with 
respect to the butt-weld itself. 
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7.4 LARGE DIAri TER PIPE SYSTEM 
7.4.1 Mechanical Performance 
Although a very limited number of pipe test specimens 
were examined as HDPE 1 160mm OD SDR 11, namely two straight 
pipes,. two welded pipes, two systems containing tees and 
two systems containing bends, a considerable amount of 
useful* data was nevertheless obtained.. . .. " 
The pipes contained massive voids as shown in 
Figure 6.6. These voids would have led to a major stress 
intensification and were apparently responsible for a 
considerable reduction in pipe performance under fatigue, 
in some cases by an order of magnitude. 
Voiding can be attributed to two effects. Firstly, 
in the production of pipe rapid cooling from the external 
surfaces can introduce considerable stresses in-the pipe 
wall which vary from compressive near the skin to tensile 
at the core where there is some elongation (9). This 
may result in voiding. Secondly, when cooled, PE materials 
can exhibit substantial shrinkage particularly during a 
change from liquid to solid phases. If the bore and 
outside surface of the pipe are cooled first, then the 
material towards the centre of the pipe wall, being at 
a higher temperature and hence lower modulus, 
cannot deform the lower temperature polymer .- 
either side to compensate for the shrinkage. Voiding 
can again result. It is reasonable to expect both 
shrinkage and internal stresses to co-operate and 
thus create substantial voids. 
The higher crystallinity thermoplastics such as 
HDPE will shrink to a greater extent than the IIDPE 
materials and should therefore contain more instances 
of voiding. This was, in fact, shown to be the case 
during the experimental programme. Finally, the control 
of processing conditions particularly temperatures and 
rates of extrusion will also have- significant effect 
over the presence or otherwise of voids. 
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In systems containing injection moulded fittings 
failure initiation occurred either within the body of the 
fittings or at weld'discontinuities at the joint between 
vices and mouldings. Such weld defects were identical 
in origin and appearance-to those observed in smaller 
diameter systems, in other words, defects produced 
during moulding caused weld discontinuities to develop 
which subsequently resulted in Dremature fracture. 
A distinct difference between the smaller diameter 
and larger diameter systems containing fittings was that 
the T4 fracture occurred under fatigue in the 160mm OD 
tees whereas it could only be produced under static loads 
for 63mm OD tees. In fact the T4 fracture was slightly 
different in nature for the larger fitting in that it 
occurred in association with obvious flow lines on the 
inside wall of the tee, Figure 6.2, which were not 
necessarily parallel with the main pipe axis or related 
to internal weld lines. In one case at least three 
fractures of this sort had propagated some way through 
the fitting wall although only one had actually produced 
failure. All were associated with flow lines and the 
FATIv[TE value for the T4 fracture in 160mm OD tees 
was approximately 14% of the manufacturer's stress 
rupture life for the same SDR pipe. Clearly this is 
seen as a defici3ncy in moulding techniques which 
requires immediate remedy to prevent premature fracture 
under fatigue. 
Thick walled large bore pipe is obviously more 
expensive and difficult to test and it is evident that 
problems exist with large bore pipe which are not found 
in the smaller diameters. The presence of voids has 
already been mentioned and there is no information to 
suggest that such defects would not reduce stress rupture 
lifetimes as well as TFATIGUE' Care must therefore be 
taken during the processing of large diameter pipes to 
avoid such problems. 
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7.4.2 Fracture Surface Features 
. 
The initiation sites in all pipe fractures were 
associated with large voids within the pipe wall. 
Most were in excess of 2mm along the maximum dimension 
parallel to the fracture plane. These observations are 
consistent with those obtained by Cowley and 'iylde (20). 
In all cases the presence of avoid was-associated with 
a greatly reduced '[ FATIGUE value compared with either 
manufacturer's or measured t SR values for the same SDR 
pipe. 
Discontinuous growth bands similar to those identified 
by Cowley et al (20) were present on the surfaces but appear 
to be associated with the intersection of the growing crack 
and the inside wall of the pipe. Crack growth is. again by 
craze formation which leaves behind fibrillated regions 
and voids with diameters of the same order as spherulites 
(5 - 30 um). The distribution of tendril lengths indicates 
that where a DGB occurs the crack growth is more ductile 
in the lighter stress whitened regions but more brittle 
in the darker areas. 
It should be noted, however, that the DGB's tend to 
disappear and do not obviously progress right across the 
pipe wall, an effect possibly due to the speed. of crack 
propagation. Such effects cannot be explained by mechanisms 
suggested by McEvily et al'-(116) or Laghouati et al (32). 
The previously discussed alteration in mode of 
fracture towards the outer surface is obvious for this 
size of pipe and is again characterised by gross yielding 
and macroductility presumably a similar mechanism to that 
proposed for 63mm OD HDPE Land 2 pipes is occurring. 
The L/h parameter for 160mm pipe fractures is, - 
within limits, the same as that obtained for 63mm OD pipes 
and would tend to suggest that the pipe wall thickness 
does not have a substantial effect upon fatigue crack 
growth. 
Contrary to the proposal by Cowley and Wylde (20) 
fractures at butt-welds were associated with the notch 
formed between the fitting and the weld bead at a dis- 
continuity. They were generally not initiated at a 
location within the bead itself. 
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7.5 CONCLUSIONS AND RELATED COMMENTS 
7.5.1 Mechanical Performance of PE Pine Systems 
a) Performance of PE pipelines is system specific. 
That is, the grade of plastics compound, the diameter and 
wall thickness of the pipe systems, the fitting design and 
fabrication methods can all have a marked effect upon 
performance. 
b) Fatigue is by far the most aggressive loading 
mode compared with either short term rupture or stress 
rupture testing. It will identify weaknesses in mouldings, 
pines or butt-welded joints more consistently, thoroughly 
and quickly than any other standard technique for internal 
, pressure 
testing of pipes. A fatigue weakness is. identified 
by a low value of IFATIGUE/ tSR and in some cases T FATIGUE 
may be to the left of the material manufacturer's stress 
rupture curve. 
c) Injection moulded fittings are more likely to 
exhibit fatigue weaknesses than pipes. 
d) All brittle fractures tend to be associated 
with defects in pipes or fittings that are residual from 
processing. 
e) Improved stress rupture performance in pipes 
does not necessarily improve mechanical behaviour under 
fatigue and can, in some cases, actually produce a 
fatigue weakness. 
f) Although selected PE material properties exhibit 
a well defined alteration during an. elevated temperature 
test, this does not necessarily show a marked influence 
on stress rupture or fatigue performance of pipe systems. 
g) For the same rectilinear loading profiles, 
some idea of the mechanism leading to failure, whether 
based upon cumulative damage or fracture mechanics 
principles, can be obtained by comparing the number 
of cycles to failure obtained in practice and those 
predicted from 
Nf = 
'SR 
tmax 
7.37 
h) The presence of voids within 160mm OD SDR 11 
pipe caused a significant reduction in TFATIGUE values 
compared with pipe stress rupture lives. When failure 
occurred from such defects the pipe failed to meet the 
. manufacturer's specification 
for 'CSR. 
i) The performance of butt-welds between two pipe 
sections was satisfactory under both fatigue and stress 
rupture for HDPE 1 and HOPE 2. MOPE 1 pipe welds 
generally fell short, of manufacturer's stress rupture 
specification and did not comply in any case under 
fatigue loadings. . 
j) Butt-welding is not considered a suitable 
method of jointing for 60mm OD SDR 11 MOPE 1 pipe 
systems. 
k) Under certain conditions the butt-welded joints 
made between pipe and injection moulded fittings proved 
to be sources of weakness particularly under fluctuating 
loads. 
7.5.2 Fracture Initiation, Propagation and 
Failure Mechanisms 
a) Figure 7.4 established that the presence of 
included particles reduced the useful service life of 
an HDPE 1 pipe. It should be stressed, however, that 
the data thus presented relates. to one pipe material- 
only-and the same results were not repeated for other 
pipe grade PE's examined. (This may be related, in 
part, to the incubation period prior to crack growth. ) 
Pipe performance should thus be improved by 
melt filtration at the extrusion stage to reduce the 
size and concentration of defects. 
An analysis of uPVC pipe fractures by Kirby (132) 
demonstrated that included particles are a major 
cause of premature pipe failure. In excess of 300 
failures were analysed and fracture from inclusions 
accounted for more than 11% of the, total. This 
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suggests that field experience with uPVC compares 
with the laboratory studies on PE pipes reported in 
earlier chapters. 
b) Inclusions were traced to several sources, 
namely base polymer manufacture, materials handling 
and processing. Attention should therefore be'paid 
to all stages of the production of a finished article 
if its mechanical performance is to be enhanced. 
c) The*flaw sizes initiating fracture in 60mm 
OD SDR 11 MDPE 1 pipes and in 63mm OD SDR 11 HDPE 1 
and 2 pipes have been measured directly and found to 
lie generally within the range 80 - 300 µm. Such 
sizes are in excess of those predicted by other 
workers (2,79) and so theories which enable estimates 
to be made of lifetime in PE pipes under stress rupture 
require modification. 
d) The crack initiatärs in 160mm OD SDR 11 
pipes were voids with dimensions in the range 
2-3 mm. 
e) Fracture initiation in fittings was always 
associated with moulding defects which induced 
failures from within the fitting body or at dis- 
continuities in the butt-welded joint with an 
extruded pipe. 
f) Crack growth in all instances is considered 
to occur from craze formation which results in 
fibrillated and voided regions on the fracture 
surfaces, the voids exhibiting diameters similar 
to expected suherulite sizes. 
g) The process of fracture under fatigue con- 
ditions does not necessarily result in obvious 
fatigue striations or discontinuous growth bands. 
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h. ) Since failure in the PE pipe systems resulted from 
heterogeneous deformation by crazing and both frequency 
sensitive and frequency insensitive fractures were obtained, 
the hypothesis put forward by Hertzberg et al (125). that 
polymers exhibiting a strong FCP frequency sensitivity also 
exhibited a strong tendency to undergo crazing, is not 
substantiated at least for the materials examined. 
7.6 FUTURE WORK 
Several developments of the research reported in 
earlier chapters have been or are at present being carried 
out at Brunel University. 
a) An assessment of the performance of tapping-tee 
joining systems for PE gas pipe applications. The project 
involved a systematic study of the dependence of impact 
strength of the tapping-tee joints on jointing conditions 
including jointing pressures, times, contaminants, aging 
etc. (Completed project. ) 
b) The influence of particulate impurities on the 
stress rupture and fatigue properties of PE pipe and the 
investigation of new melt filtration procedures for use 
in these applications. (Project underway. ) 
c) Examination of the influence of well defined 
misalignments in butt-welds between pipes and between 
pipes and fittings. This to include in-plane or lateral 
misalignment and a. cial misalignment. This would result 
in basic design data and specific safety factors to be 
applied to pipe system joints exhibiting such misalignments. 
d) Fundamental investigation of the factors 
controlling fatigue crack propagation in semicrystalline 
thermoplastics used in pipeline applications. This 
would also include an analysis of brittle failures and 
an attempt at explaining crack front shapes in terms 
of fracture mechanics principles. Objectives of such 
work would be to obtain a greater understanding of the 
effects of specific microstructures on fatigue crack 
propagation and to the identification of microstructures 
leading to reduced FCP rates. Understanding the reasons 
for specific crack front shapes will also lead to a 
knowledge of the fundamental processes of fracture in 
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thermoplastics pipe systems. Recommendations should also 
be forthcoming as to improvements in system design, correct 
materials selection and jointing techniques which should 
help to avoid instances of premature failure. 
e) A more detailed examination of the changes in 
pipe material properties with time when tested at elevated 
temperatures. This should enable variations in mechanical 
performances tobe explained specifically by such property 
changes or be attributed to other effects. 
f) Further generation of stress rupture and fatigue 
data in thermoplastics pipe systems which are joined by 
socket fusion or butt-fusion techniques. Materials to 
be investigated would include PE, PP. PB and PVDF. The 
effect of a variety of environments encountered by such 
pipe systems would also be examined at a number of 
different temperatures, internal pressures and frequencies. 
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